Progress by the Parties in Completing an Inventory of Toxic Air Emissions and in Assessing Toxic Air Deposition in the Lake Superior Basin. A Report From the International Air Quality Advisory Board to the International Joint Commission by International Air Quality Advisory Board
University of Windsor 
Scholarship at UWindsor 
International Joint Commission (IJC) Digital 
Archive International Joint Commission 
1993-10-01 
Progress by the Parties in Completing an Inventory of Toxic Air 
Emissions and in Assessing Toxic Air Deposition in the Lake 
Superior Basin. A Report From the International Air Quality 
Advisory Board to the International Joint Commission 
International Air Quality Advisory Board 
Follow this and additional works at: https://scholar.uwindsor.ca/ijcarchive 
Recommended Citation 
International Air Quality Advisory Board (1993). Progress by the Parties in Completing an Inventory of 
Toxic Air Emissions and in Assessing Toxic Air Deposition in the Lake Superior Basin. A Report From the 
International Air Quality Advisory Board to the International Joint Commission. International Joint 
Commission (IJC) Digital Archive. https://scholar.uwindsor.ca/ijcarchive/493 
This Report is brought to you for free and open access by the International Joint Commission at Scholarship at 
UWindsor. It has been accepted for inclusion in International Joint Commission (IJC) Digital Archive by an 
authorized administrator of Scholarship at UWindsor. For more information, please contact 
scholarship@uwindsor.ca. 
-I
International Air Chlality Advisory Board .
“
I
r
r
r
r
r
r
r
r
PROGRESS BY THE PARTIES IN COMPLETING
AN INVENTORY OF TOMC AIR EMISSIONS AND
IN ASSESSING TOXIC AIR DEPOSITION
IN THE LAKE SUPERIOR BASIN
 
H
x
s
m
r
m
w
w
w
w
w
;
L
I
 
I
Airshed of the Great Lakes
OCTOBER 1993
M I
International Joint Commission
Commission mixte internationale
- Doc. 35' 0
-
/W3
1
H
M
“
\
H
u
n
l
, .Eﬁvgﬁvvvvvgav3va33vv3vvvvvvvvvvvvvvvvvvvvvvvz
 
“W
W
I
m
u
m
m
m
m
m
m
m
m
“
m
<
1
W
M
W
PROGRESS BY THE PARTIES IN COMPLETING
AN INVENTORY OF TOXIC AIR EMISSIONS AND
IN ASSESSING TOXIC AIR DEPOSITION
IN THE LAKE SUPERIOR BASIN
A REPORT FROM
THE INTERNATIONAL AIR QUALITY ADVISORY BOARD
TO THE INTERNATIONAL JOINT COMMISSION
OCTOBER 1993
 
 Disclaimer
Th
is
re
po
rt
is
a
re
po
rt
fr
om
th
e
In
te
rn
at
io
na
l
Ai
r
Qu
al
it
y
Ad
vi
so
ry
Bo
ar
d
to
th
e
In
te
rn
at
io
na
l
Jo
in
t
Co
mm
is
si
on
.
Wh
il
e
th
e
Co
mm
is
si
on
su
pp
or
te
d
th
is
wo
rk
,
th
e
sp
ec
if
ic
co
nc
lu
si
on
s
an
d
re
co
mm
en
da
ti
on
s
do
no
t
ne
ce
ss
ar
il
y
re
pr
es
en
t
th
e
vi
ew
s
of
th
e
International Joint Commission.
r
m
m
m
m
m
m
u
m
x
m
m
u
m
m
u
m
u
m
m
m
Wﬁ
w
ﬂ
u
ﬁ
ﬂ
m
“
{
{
H
ﬂ
i
ﬂ
ﬂ
ﬁ
ﬁ
ﬂ
 
TABLE OF CONTENTS
PAGE
Table of Contents iii
List of Tables and Figures v & vi
Executive Summary MU
INTRODUCTION 1
1.1 Objectives and Methodology 1
1.2 Significant Airborne Toxic Compounds 2
1.3 A Recent PCB Mass Balance for Lake Superior:
The Significance of the Atmospheric Pathway
and Mass Distribution 4
PROGRESS IN COMPLETING AN INVENTORY OF TOXIC AIR
EMISSIONS CONTRIBUTING TO THE LAKE SUPERIOR BASIN 5
2.1 Introduction 5
2.2 Space Scale and Source Details Required 5
2.3 Existing and Developing Source Inventories
of Airborne Toxic Emissions Contributing
to Deposition in the Lake Superior Basin 7
2.4 Summary and Recommendations Regarding Source
Inventories Applicable to the Lake Superior
Basin 9
2.4.1 Summary 9
2.4.2 Recommendations 10
PROGRESS IN ASSESSING ATMOSPHERIC DEPOSITION OF AIRBORNE
TOXICS TO THE LAKE SUPERIOR BASIN 11
3.1 Introduction 11
3.2 Progress in Measurement of Concentrations of
Airborne Toxics and Atmosphere Characteristics
for Lake Superior 12
iii
  
 
3.3 Estimates of Toxic Chemical Deposition to Lake
Superior 16
3.3.1 Toxics Deposition Estimates to Lake
Superior based on Observed Concentrations 17
3.3.2 LRT Model Predictions of Toxics Deposition
to Lake Superior 22
3.4 Uncertainties in Estimates of Deposition of
Toxics to Lake Superior 25
3.5 Summary and Recommendations 27
3.5.1 Summary 27
3.5.2 Recommendations 28
4.0 CONCLUSIONS 28
Bibliography 31
Acronyms 36
iv
m
m
m
m
u
m
u
m
u
u
m
u
m
u
u
a
G
Q
Q
G
I
M
N
M
M
M
M
 LIST OF TABLES AND FIGURES
TABLE NO. PAGE
1. Chemicals targeted for monitoring in Great Lakes
and Great Waters 37
2. A plan for assessing atmospheric deposition to the
Great Lakes - Strategy and time lines 39
3a. Equipment at IADN Master Sites 40
b. Equipment at IADN Satellite Sites 41
4. IADN Target Chemicals and Chemical species measured
at IADN sites on Lake Superior 42
5. Estimated concentrations and deposition of selected
toxics over Lake Superior. 44
6. Annual averages of PCB mass balance variables for
Lake Superior from several authors. 45
7. Predicted Air and Precipitation concentrations in
Eastern North America - Base case model results
(31 day average — summer)(Bloxam et al.,1991) 46
8. Atmospheric fluxes of organochlorines by gas
exchange and other processes. (Bidleman et al., 1993) 47
v
M
ﬂ
i
ﬂ
ﬂ
ﬂ
ﬂ
ﬂ
ﬂ
ﬂ
ﬁ
m
M
W
“
N
M
Q
u
W
M
“
W
N
W
 FIGURE NO.
PC
B
b
ud
g
e
t
fo
r
La
ke
Su
pe
ri
or
(B
ak
er
et
al
.,
19
93
)
Lo
ca
ti
on
of
Ma
st
er
an
d
Sa
te
ll
it
e
IA
DN
Mo
ni
to
ri
ng
si
te
s
on
La
ke
Su
pe
ri
or
PC
B'
s
in
La
ke
Su
pe
ri
or
(M
ac
ka
y
et
al
.,
19
93
)
Ti
me
R
e
s
p
o
n
s
e
of
PC
B'
s
in
La
ke
Su
pe
ri
or
W
a
t
e
r
(Mackay et al., 1992b)
So
ur
ce
Ce
ll
s
Co
nt
ri
bu
ti
ng
mo
re
th
an
1%
of
Pr
ed
ic
te
d
Le
ad
De
po
si
ti
on
to
La
ke
Su
pe
ri
or
(C
la
rk
,
19
93
)
  
PAGE
48
49
50
51
52
a
;
W
M
M
M
M
M
ﬂ
ﬂ
ﬂ
R
m
A
M
M
M
M
M
M
M
M
M
M
A
M
{
M
M
 
WW
L
Q
Q
Q
Q
Q
Q
Q
W
,
M
.
4
L
{
N
M
W
M
N
M
W
M
ﬁ
W
i
W
A
EXECUTIVE SUMMARY
1.0 MAJOR FINDINGS
1.1 Inventory Development
1.1.1
The current inventory of airborne toxics in the Lake
Superior Basin is quite inadequate.
There currently exists no adequate inventory of
emissions to the atmosphere for the Lake Superior Basin.
In the U.S.A. a preliminary inventory has been developed
using both the Toxics Release Inventory (TRI), which is
a national program for reporting toxic releases, and the
1985 acid rain inventory. This is considered to be a
very crude first estimate. It currently does not have
the detail nor the reliability needed to be useful for
modelling atmospheric deposition to Lake Superior. In
Canada, the National Pollutant Release Inventory (NPRI)
has been launched and data are to be reported for 1993
and subsequent years. Pesticides and ozone depleting
substances are not included in this list at the present
time. As is the case with the U.S. national inventory,
it is not anticipated that this inventory will provide
data for modelling atmospheric deposition to Lake
Superior.
In cooperation with the Air Quality Administrators of
the eight Great Lakes states, the Great Lakes Commission
is compiling an inventory of toxic air emissions. This
effort is being funded by the Great Lakes Protection
Fund.
The Province of Ontario has an inventory created as a
routine part of their air pollution control program. It
is incomplete with respect to toxics.
vii
   
 
1.2
Assessment
1.2.1
Att
emp
ts
to
mod
el
dep
osi
tio
n o
f v
ari
ous
che
mic
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to
the
Lak
e
Sup
eri
or
Bas
in,
eve
n
wit
h
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uat
e
emi
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ven
to
ri
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g
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si
ti
on
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po
in
te
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out
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ne
ss
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in
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e
em
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si
on
s
in
ve
nt
or
y.
The
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ell
ing
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ort
is
pro
duc
ing
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ear
ch
que
sti
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rat
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n
co
nve
rg
in
g
on
an
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ed
inv
ent
ory
.
In
sum
mar
y,
mod
els
can
not
be
imp
rov
ed
unt
il
a
bet
ter
inventory is available.
of Deposition
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re
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no
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are
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us
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ti
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ti
ng
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(lo
adi
ng)
to
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Lak
e
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pe
ri
or
Ba
si
n
or
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fi
ni
ng
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current deposition estimates.
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th
ou
gh
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Par
tie
s
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mu
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en
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ke
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pe
ri
or
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rk
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en
ta
ti
on
of
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Bi
na
ti
on
al
Pr
og
ra
m,
th
er
e
ha
s
be
en
li
tt
le
pr
og
re
ss
in
es
ti
ma
ti
ng
to Lake
deposition estimates.
ave
rag
e
mas
s
bal
anc
e
of
PCB
s
for
Lak
e
Sup
er
io
r
fro
m
Wh
il
e
th
er
e
is
or
de
r
of
ma
gn
it
ud
e
loa
din
gs
Sup
eri
or
or
in
re
fi
ni
ng
cur
ren
t
The report summarizes the annual
several authors.
ag
re
em
en
t
on
so
me
te
rm
s
in
th
e
ma
ss
ba
la
nc
e,
th
er
e
ar
e
st
il
l
or
de
r
of
ma
gn
it
ud
e
di
ff
er
en
ce
s
in
th
e
cl
os
ur
e
te
rm
.
Th
e
es
ti
ma
te
s
of
th
is
pa
ra
me
te
r
ha
ve
re
du
ce
d
fr
om
19
00
kg
/y
ea
r
in
19
88
to
ab
ou
t
80
0
kg
/y
ea
r
in
19
93
.
On
e
author MacKay et al.(1992a and b)
co
mp
le
te
ba
la
nc
e
(w
it
ho
ut
us
in
g
a
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os
ur
e
te
rm
)
us
in
g
a
has produced a
dynamic numerical model.
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Substantial progress has been made in monitoring of the
air and precipitation concentrations of toxic substances
in the Lake Superior Basin.
As part of their programs under Annex 15 of the Great
Lakes Water Quality Agreement, the Parties have begun
implementation of an Integrated Atmospheric Deposition
Monitoring Network (IADN). As part of this network a
Master Monitoring Station has been established at Eagle
Harbour (and approved by the Parties) as well as two
Satellite stations (not formally accepted by the
Parties) at Turkey Lakes, Ontario and Finland,
Minnesota.
There is currently no quality assurance/quality control
program in place for the Lake Superior Basin
measurements.
The Integrated Atmospheric Deposition Network
Implementation Plan presented to the Parties November
1990 calls for compliance with data quality objectives
in the Quality Assurance Plan to be demonstrated by
October 1991. A draft plan is currently under review
but no formal action has been taken. When approved,
these procedures will apply to the IADN Monitoring
Stations on Lake Superior. Each of the agencies
involved with monitoring activities in the Lake Superior
basin has its own quality assurance procedures. There
has been some intercomparison of data between the
Parties for the lower lakes but there is no formal
mechanism in place for Lake Superior.
There appears to be no focus on meteorological
observations in the Lake Superior Basin, especially at
the satellite stations.
ix
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General
1.3.1
The
re
is
a n
eed
for
an
in—
dep
th
ana
lys
is
of
exi
sti
ng
met
eor
olo
gy
or
mor
e
sta
tio
ns
mea
sur
ing
met
eor
olo
gic
al
parameters in order that:
a)
the
cor
rec
t
di
st
ri
but
io
n
of
pm
ec
ip
it
at
io
n
can
be
estimated across the Lake;
b)
win
d
sta
tis
tic
s
whi
ch
wil
l
dr
ive
vo
la
ti
li
za
ti
on
are
identified;
c)
the
di
st
ri
but
io
n
of
pa
rt
ic
le
s
and
gas
es
acr
oss
the
Lake can be estimated correctly;
d)
the
wet
vs.
dry
(ga
ses
and
par
tic
les
)
de
po
si
ti
on
can
be understood; and
e)
the
win
d
spe
ed
and
win
d
di
re
ct
io
n
can
be
cle
arl
y
that
source/receptor relationships can be established.
und
ers
too
d
acr
oss
the
Lak
e
so
cor
rec
t
The
res
ear
ch
foc
us
see
ms
to
be
get
tin
g l
ost
, n
ot
onl
y
for
Lak
e S
upe
rio
r,
but
als
o f
or
all
the
Gre
at
Lak
es.
A
pla
n w
as
pub
lis
hed
by
the
Par
tie
s
in
Nov
emb
er
199
0
lay
ing
out
sch
edu
le
for
the
Int
egr
ate
d
Atm
osp
her
ic
Dep
osi
tio
n
Net
wor
k
whi
ch
has
requirements and a
substantial network
resulted in progress on the
(es
pec
ial
ly
in
Lak
e
Sup
eri
or)
.
No
sim
ila
r
pla
n
or
pro
gre
ss
is
evi
den
t
for
the
res
ear
ch
com
pon
ent
und
er
respect to atmospheric
Annex 15, especially with
deposition to Lake Superior.
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at
io
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of the Parties research efforts.
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While a Bilateral Lake Superior Work Group has been
established, the atmospheric portion of the program
seems to be a fortuitous spin—off from the IADN activity
and the Great Waters Program.
While the Parties continue to uphold the Great Lakes as
an environmental priority, continuing support for the
air program seems to be eroding in Canada and uncertain
in the United States.
The United States has allocated funds to the Office of
Air Quality Planningand Standards, Universities and
others as a result of the Clean Air Act Amendments of
199
0,
to
enc
our
age
res
ear
ch
on
Gre
at
Wat
ers
iss
ues
.
Additional funds have been allocated to support the IADN
pro
gra
m
thr
oug
h
199
3.
The
Uni
ted
Sta
tes
has
yet
to
est
abl
ish
sta
ble
fun
din
g f
or
the
IAD
N p
rog
ram
to
ass
ure
its continuity.
Can
adi
an
fun
ds
con
tin
ue
to
be
mos
tly
foc
use
d
on
gov
ern
men
t
lab
ora
tor
ies
(wi
th
ver
y
few
uni
ver
sit
y
pro
gra
ms)
and
, s
pec
ifi
cal
ly
in
the
atm
osp
her
ic
are
a,
are
being cut and re-assigned to other activities.
Whi
le
Ont
ari
o f
und
s t
o s
upp
ort
the
sat
ell
ite
sta
tio
ns
on
Lak
e
Sup
eri
or
are
in
pla
ce
for
the
yea
r
199
3/9
4,
the
y
are by no means certain beyond this fiscal year.
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 2.0 RECOMMENDATIONS
2.1 Major
The inventory of toxic emissions should be given highest
priority by the Parties over the next biennial cycle.
Inventory activity should be focused on two to four
toxic chemicals for the next 3 years.
A binational group should be convened to review, co-
ordinate and suggest new studies in order to (a)
identify the data requirements of investigators who
would use the inventory; (b) develop guidelines for the
preparation of an integrated emission inventory; (c)
develop a priority ranking scheme for chemicals to be
inventoried; (d) set time frames for developing specific
inventories; and (e) to strengthen the atmospheric focus
of research efforts to determine deposition to the Lake
Superior Basin.
Resources in both countries need to be focused on Lake
Superior and maintained over the next biennial cycle.
Of specific importance is Ontario's funding for the
satellite stations on Lake Superior, Canada's funding of
atmospheric processes research, and secure funding for
the
IAD
N p
rog
ram
in
bot
h C
ana
da
and
the
Uni
ted
Sta
tes
.
A f
orm
al
rev
iew
of
exi
sti
ng
sat
ell
ite
sta
tio
ns
in
the
Lak
e S
upe
rio
r B
asi
n s
hou
ld
be
und
ert
ake
n b
y t
he
Par
tie
s
to ensure that they meet the IADN criteria.
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2.2.2 A bilateral QA/QC plan for the data from Lake Superior
monitoring stations needs to be put in place by the
Parties as soon as possible to ensure that quality data
are available for assessment purposes.
2.2.3 A research plan, with specific priorities leading to an
estimate of deposition to the Lake Superior Basin, needs
to be prepared before the end of 1993. This plan should
outline goals and milestones over the biennial cycle.
2.2.4 The research plan should include more emphasis on
meteorological parameters, transfer coefficients and gas
exchange processes .
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PROGRESS BY THE PARTIES IN COMPLETING
AN INVENTORY OF TOXIC AIR EMISSIONS AND IN ASSESSING
TOXIC AIR DEPOSITION IN THE
LAKE SUPERIOR BASIN
A REPORT FROM
THE INTERNATIONAL AIR QUALITY ADVISORY BOARD
TO THE INTERNATIONAL JOINT COMMISSION
1.0 INTRODUCTION
Objectives and Methodology
One action item within the September 1991 Report "A Bi-National
Program to Restore and Protect the Lake Superior Basin" states
that "The Governments (United States and Canada) will complete an
inventory of toxic air emissions and an assessment of toxic air
deposition in the Lake Superior Basin". This report provides
information on the status of government programs and plans to May
31, 1993 to respond to this action item. Emphasis is on progress
in responding to the action item.
Information on the status of government programs and plans has
been obtained through many research, workshop and progress
reports and through personal and telephone contact with
individuals directly involved in the programs and plans.
Additional information was obtained at the First Workshop on
Emissions and Modelling of Atmospheric Transport of Persistent
Organic Pollutants and Heavy Metals, sponsored by the United
States Environmental Protection Agency (USEPA), May 6 - 7, 1993
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 at Durham, N.C.
Tas
k F
orc
e o
n P
ers
ist
ent
Org
ani
c P
oll
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nts
, t
he U
nit
ed
Nat
ion
s -
This workshop was held at the request of the
Eco
nom
ic
Com
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sio
n f
or
Eur
Ope
(UN-
ECE)
Con
ven
tio
n o
n L
ong
Ran
ge
Tra
nsb
oun
dar
y
Air
Pol
lut
ion
wit
h
the
ful
l
par
tic
ipa
tio
n
of
mem
ber
s o
f t
he
Tas
k F
orc
e t
o b
rin
g a
glo
bal
per
spe
cti
ve.
A d
raf
t p
osi
tio
n p
ape
r
for
the
Wor
ksh
op
was
pre
par
ed
by
a
bin
ati
ona
l g
rou
p o
f a
uth
ors
(Pa
cyn
a e
t al
.,
199
3).
Act
ivi
tie
s o
f
all
of t
he
co-
aut
hor
s a
re
rel
ate
d t
o t
oxi
c c
hem
ica
ls
mea
sur
eme
nts
or
mod
ell
ing
in
the
Gre
at
Lak
es
Reg
ion
.
Whi
le
abs
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pre
sen
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ill
not
be
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unt
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, t
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oxi
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sou
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hav
e b
een
mad
e o
n t
he
bro
ad
fro
nts
of
the
Gre
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Pro
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Cle
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Bi
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1
deposition via theatmospheric pathway to Lake Superior as part
of the Great Lakes or the Great Waters.
Column 1. of Table 1. lists first, second and third priority
substances or chemicals targeted for measurement in the
Integrated Atmospheric Deposition Network (IADN) program (GLWQA,
1990).
In 1987, The Great Lakes Environmental Administrators, responding
to a mandate from the Council of Great Lakes Governors (CGLG)
developed a list of 25 "priority pollutants" or pollutant classes
of potential concern for Great Lakes protection. Since 1987
additional chemicals have been added to this list (Cabrera-
Rivera,1993, personal communication). The "priority pollutants"
list, including added chemicals, is given in Table 1, Column 2
(Cabrera-Rivera, 1993).
The Clean Air Act Amendments of 1990 (CAAA) in the United States
require adequate protection from toxic air compounds for the
Great Waters which include the Great Lakes. The CAAA section
112(b) list of hazardous air pollutants contains a total of 190
substances. A modified Inerts Ranking Program (IRP), as
developed by the ‘USEPA Environmental Research Laboratory in
Duluth for evaluating pesticide ingredients, provided the
framework for ranking the CAAA section 112(b) chemicals. Column
3, Table 1 lists the 20 chemicals with the highest ranks from the
USEPA list of 190 "Focus Chemicals". (USEPA,1991)
In Canada a National Pollutant Release Inventory (NPRI) list of
substances has been adopted for the first reporting year (1993)
which excludes pesticides and ozone depleting substances at the
present time. The NPRI list was derived from the 1990 United
States Toxic Release Inventory List.
All of the lists in Table 1 are applicable to the Lake Superior
Basin. The lists are presented to indicate the priority focus
for measurement and analysis of toxic chemicals and for
development of emission inventories by investigators working with
different government groups.
 A Recent PCB Mass Balance For Lake Superior:
The significance of the Atmospheric Pathway and Mass Distribution
The best indicator of the relative significance of the
atmospheric pathway in bringing toxic contaminants to Lake
Superior is the mass balance for each of the contaminants of
concern. Of the chemicals for which a mass balance should be
constructed, most data are available for PCBs.
Figure 1 is a PCB mass balance for Lake Superior prepared by
Baker et al. (1993) using estimates based on observations of
investigators during the period 1978 (earliest measurement of
water column PCBs used to get base rate) to 1992. According to
this mass balance wet and dry (particulate) deposition from the
atmosphere (from Eisenreich and Strachan, 1992) contributed
between 76% and 89% of the total PCBs input of 177 to 207 kg/yr
to Lake Superior in 1990. Baker estimated the net volatilization
of PCBs from the Lake Superior surface waters to be 670 to 750
kg/yr using' measurements of PCB concentrations in the water
between 1978 and 1992. It is acknowledged that the
volatilization rate has a high uncertainty but Baker's analysis
confirms that the major PCB inputs to Lake Superior are from the
atmosphere and the atmosphere is the principle sink for PCBs from
the lake. Baker's analysis suggests that the annual PCB loss to
the atmosphere is more than three times as great as the total PCB
inputs to the lake from all sources.
The PCB mass balance presented here is based on a simple linear
static model whereas the real world scenario is dynamic and non
linear. This simple model suggests that PCBs could be depleted
from Lake Superior waters at a rate greater than the rate of
decrease of atmospheric concentrations.
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PROGRESS IN ASSESSING SOURCES OF AIRBORNE TOXICS TO THE LAKE
SUPERIOR BASIN
Introduction
Completion of an inventory of toxic air emissions is required to
respond to the "Bi-National Program to Restore and Protect the
Lake Superior Basin". In this report, as in the draft report on
"Source Investigation for Lake Superior"(1992) the inventory of
emissions, or source inventory, refers to the origin of the
compounds of interest rather than the pathway by which the
compounds may enter the Lake. Progress in response to the action
item is described in this chapter.
Space Scale and Source Details Required
The "Bi-National Program to Restore and Protect the Lake Superior
Basin" recognized that the Lake Superior Basin has not
experienced the intense development, urbanization and pollution
characteristics of the lower lakes. The "Summary Report of the
Workshop on Great Lakes Atmospheric Deposition" (IJC, 1986) noted
that "atmospheric deposition is the sum of that which falls on
the lake surface (direct) and that which falls "upstream" and
flows through the connecting channels to the "downstream lake".
The inference is clear, much of the deposition of airborne toxic
compounds to Lake Superior originates outside of the basin.
European studies of Arctic air pollution suggest transport
distances for persistent pollutants are hemispherical in scale
(Pacyna et al., 1993). Long range transport (LRT) models
described in this report have relied upon source inventories of
continental scale and Clark (1993) concludes that sources 500 to
1000 km to the south of Lake Superior contribute more than 33% of
the total and that single source cells as far as 2000 km away
contribute as much as 2% of the total lead deposition to the
Lake. The difference between the deposition predicted by Clark
5
 and that estimated based on observed concentrations may be
substantial but the distribution of contributing sources is
expected to be nominally correct. The space scale of source
inventories must thus be at least continental, and off continent
sources cannot be ignored, if LRT models are to be effective
tools to predict deposition rates to Lake Superior and guide
emission control strategies for toxic pollutants.
Some experience in building source inventories for LRT deposition
models has been obtained in recent studies of acid deposition
over the United States and Canada. Very large individual sources
are considered as individual point sources but. much of the
continent can be represented as area sources; for example, for
emissions of agricultural chemicals. Minimum data required for
each source includes:
0 particulate emissions including particle size and chemical
analysis for compounds of interest
0 vapour or gaseous emissions of compounds of interest
0 temporal distribution of emissions, at last seasonal as a
start but if other temporal distributions are normal they
should be noted
0 source location and
0 temperature, volume rate and height of emission
Some chemicals react relatively rapidly in the atmosphere and
some may deposit and be subsequently re-entrained; for example,
there has been strong suggestion that "natural sources" of
mercury are actually a result of old anthropogenic sources. Thus
some knowledge of atmospheric reactions or half life for each of
the chemicals of interest is important, especially for the Lake
Superior Basin where most of the sources are outside the Basin.
This outline of requirements for a source emissions inventory is
not comprehensive. Despite the brevity of this outline it is
apparent that a substantial effort is required to assemble
6
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emissions detail for each chemical on the space scale required.
To gain experience in organized assembling a source emissions
inventory of airborne toxics for Lake Superior a binational group
of scientists could identify a few priority chemicals of interest
and the source information detail required for selected LRT
models. Such an emissions inventory would be useful for studies
of toxics deposition to other receptors in North America.
Discussion in this chapter is limited to progress in assessing
sources of airborne toxic substances to Lake Superior. The
assessment of deposition over the Lake Superior Basin will
require information additional to that identified above for each
of the chemicals of concern, as noted in the "Summary Report on
the Workshop on Great Lakes Atmospheric Deposition" (IJC, 1986).
Existing and Develoninq Source Inventories of Airborne Toxic
Emissions Contributing to Deposition in the Lake Superior Basin
A summary of emission sources of lead, mercury and PCBs in
geographical areas close to Lake Superior is presented in a draft
report to the Virtual Elimination Task Force of the IJC (IJC,
1992b).
required to establish source-receptor relationships for the Lake
The summary was not intended to provide the detail
Superior Basin.
Voldner and Smith (1988), in response to the need for detailed
data on emissions of toxic substances for the IJC mass balance
analysis, prepared emission estimates for 14 priority toxic
chemicals in North America. Emissions were allocated by Province
in Canada and by census region in the United States and these
data have been used to estimate atmospheric concentrations and
deposition of the chemicals using LRT models.
Under contract to the MOEE Johnson et al. (1992) developed a
quantitative emissions inventory of PAHs, PCBs, PCDDs and PCDFs
and selected pesticides in Ontario and eastern North America. It
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modelling. It was noted that "Emission estimates for lead will
likely be
improvements in our emission factors.
revised in the future reflecting anticipated
At this time emission
uncertainties have not been quantified".
A USEPA National Toxics Release Inventory (TRI) in the United
States includes data on chemicals released by the industrial
sector. Emissions from power plants, urban, commercial,
transportation, agricultural and natural sources are not included
in this inventory.
In Canada the National Pollutants Release Inventory (NPRI) lists
176 substances for the first reporting year (1993), "derived from
the 1990 United States Toxic Release Inventory", for which
emissions inventories will be assembled. Pesticides and ozone
depletion substances are not included in the list at the present
time. Pesticides at least, are of major concern for deposition to
Lake Superior so, the NPRI inventory will provide limited data on
toxic sources contaminating the Lake Superior Basin.
Summary and Recommendations Regarding Source Inventories
Applicable to the Lake Superior Basin
Summary
0 Responsibility for developing emission inventories falls to
several groups or agencies with differing responsibilities,
objectives and regional interests.
0 Preparation of adequate inventories requires a substantial
effort for each chemical of concern to obtain the spatial and
temporal resolution and detail describing characteristics of
the emissions and sources. Atmospheric chemicals reactivity
and/or residence time should be included in the detail for
each chemical.
0 Integrated international activities to develop a comprehensive
inv
ent
ory
of
sou
rce
s a
nd
emi
ssi
ons
con
tri
but
ing
to
dep
osi
tio
n
9
 of airborne toxic chemicals to the Lake Superior Basin have
not been reported.
0 The lack of
inventories for any toxic chemical has limited development of
integrated and complete source and emission
long range transport models which would be useful tools to aid
control strategists in planning and implementing an effective
deposition control program for each chemical.
o Attempts to model deposition of various chemicals to the Lake
Superior Basin, even with inadequate emissions inventories
have (1)
deposition processes and (2) pointed out weaknesses in the
advanced our understanding of transport and
emissions inventories.
Recommendations
0 Development of a toxic emissions inventory should be given
very high priority by the Parties over the next biennial
cycle.
0 Inventory activity should be focused on two to four toxic
chemicals for the next 3 years.
0 A binational group should be convened to review, co-ordinate
identify the data
requirements of investigators who would use the inventory; (b)
and suggest new studies in order to (a)
develop guidelines for the preparation of an integrated
emission inventory; (c) develop a priority ranking scheme for
set time frames for
chemicals to be inventoried; (d)
developing specific inventories; and (e) to strengthen the
atmospheric focus of research efforts to determine deposition
to the Lake Superior Basin.
0 Research to improve LRT models relating source emissions and
(incorporating transport, atmospheric
should be strongly
receptor deposition
reactions and deposition processes)
encouraged and funded.
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TO THE LAKE SUPERIOR BASIN
Introduction
Activities to assess deposition of airborne toxics to Lake
Superior have developed under Annex 15 of the Great Lakes Water
Quality Agreement as amended (IJC, 1987). The activities are not
specific to Lake Superior.
Deposition is calculated using measured values of atmospheric and
lake characteristics, concentrations and transfer coefficients
specific to Lake Superior for airborne chemicals of concern.
Annex 15 components include establishment of an Integrated
Atmospheric Deposition Monitoring Network (IADN) to measure
atmospheric and lake variables and concentrations of toxics in
air and precipitation; and a research activity to improve
estimates of deposition by improving our understanding of the
processes of wet and dry deposition and vapour exchange across
the lake/atmosphere interface.
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PHASE I (January 1990 through December, 1991)
Milestone
Establish a Master Site on the south shore of Lake Superior
during the summer of 1990. Implement satellite stations
during 1992.
Progress
The Master Site at Eagle Harbour on the Lake Superior
shoreline was selected in 1990 and instrumentation installed
during 1990 and 1991. It is operated by the Illinois State
Water Survey for the USEPA. The Satellite Sites at Turkey
Lakes, Ontario and Finland, Minnesota, near the Lake Superior
shoreline both operated by OMEE, were established during 1990
and 1991. The location of the sites on or near Lake Superior
is shown in Fig. 2. A comparison of instrumentation required
and installed at the Sites is presented in Table 3.
Required.meteorological instrumentation has not been installed
as part of the OMEE equipment at the Satellite Sites.
Milestone
A siting criteria document was to be produced by May, 1990.
Progress
A formal siting criteria document for IADN sites has not been
published. The Master Site on Lake Superior was established
by USEPA and two potential Satellite Sites have been
established by OMEE. Each agency has its own siting criteria.
A site acceptance review has not been reported to date.
Milestone
Each participating agency was to document sampling and
analysis protocols before June, 1990 and comparability was to
be established by June, 1990.
13
 Progress
Th
e
US
EP
A
an
d
OM
EE
ha
ve
th
ei
r
ow
n
sa
mp
li
ng
an
d
an
al
ys
is
pr
ot
oc
ol
s
as
pa
rt
of
mu
ch
la
rg
er
pr
og
ra
ms
.
No
re
co
rd
th
at
th
es
e
ag
en
ci
es
ha
ve
ha
d
fo
rm
al
in
te
ra
ct
io
n
to
"e
st
ab
li
sh
co
mp
ar
ab
il
it
y"
fo
r
da
ta
fr
om
La
ke
Su
pe
ri
or
si
te
s
to
da
te
wa
s
available.
Milestone
Sa
mp
li
ng
an
d
an
al
yt
ic
al
me
th
od
ol
og
ie
s
fo
r
se
le
ct
ed
pe
st
ic
id
es
we
re
to
be
de
ve
lo
pe
d
an
d
ap
pl
ie
d.
Progress
Me
th
od
ol
og
ie
s
fo
r
se
ve
ra
l
pe
st
ic
id
es
ha
ve
be
en
in
pl
ac
e
in
US
EP
A
an
d
OM
EE
fo
r
so
me
ti
me
.
An
al
ys
is
of
ai
r
an
d
pr
ec
ip
it
at
io
n
sa
mp
le
s
fo
r
pe
st
ic
id
es
is
pa
rt
of
bo
th
th
e
US
EP
A
an
d
OM
EE
pr
og
ra
ms
at
th
e
mo
ni
to
ri
ng
si
te
s
on
La
ke
Su
pe
ri
or
(s
ee
Ta
bl
e
4
fo
r
pe
st
ic
id
es
mo
ni
to
re
d
an
d
a
co
mp
ar
is
on
wi
th
IADN target toxic chemicals).
Milestone
Me
as
ur
e
th
e
de
po
si
ti
on
of
IA
DN
ta
rg
et
to
xi
c
or
ga
ni
c
ch
em
ic
al
s,
pe
st
ic
id
es
an
d
me
ta
ls
in
pr
ec
ip
it
at
io
n
an
d
ai
r.
Progress
Ta
bl
e
4
de
ta
il
s
pr
og
re
ss
in
me
as
ur
in
g
th
e
co
nc
en
tr
at
io
n
of
to
xi
cs
in
ai
r
an
d
pr
ec
ip
it
at
io
n
at
th
e»
La
ke
Su
pe
ri
or
Monitoring Sites.
Ro
ut
in
e
mo
ni
to
ri
ng
fo
r
or
ga
ni
cs
,
pe
st
ic
id
es
an
d
me
ta
ls
in
ai
r,
an
d
fo
r
me
ta
ls
in
pr
ec
ip
it
at
io
n,
ha
s
be
en
co
nd
uc
te
d
at
th
e
Sa
te
ll
it
e
Si
te
s
st
ar
ti
ng
in
19
90
an
d
at
th
e
Ma
st
er
Si
te
si
nc
e
January 1992.
Ro
ut
in
e
mo
ni
to
ri
ng
fo
r
or
ga
ni
cs
an
d
pe
st
ic
id
es
in
pr
ec
ip
it
at
io
n
st
ar
te
d
in
Ja
nu
ar
y,
19
93
at
th
e
Sa
te
ll
it
e
si
te
s
an
d
is
ex
pe
ct
ed
to
st
ar
t
du
ri
ng
19
93
at
th
e
Ma
st
er
Si
te
.
No
in
di
ca
ti
on
wa
s
re
ce
iv
ed
th
at
a
Wo
rk
sh
op
ha
s
be
en
pl
an
ne
d
or
ot
he
r
ar
ra
ng
em
en
ts
ma
de
to
es
ti
ma
te
de
po
si
ti
on
to
La
ke
14
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ﬁ
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ﬂ
ﬂ
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Superior using the measurements of concentration in air and
precipitation. This is not a trivial task if estimates of net
deposition are to include deposition of gases and particles at
the air - water interface.
Milestone
Copies of approved Quality Assurance (QA) Project Plans were
to be submitted to the co—chairs by May 1990.
A QA Program Plan was to be developed by October, 1990.
QA managers or QA officers were to be appointed and inter-
comparison sample exchanges between laboratories made during
early 1991.
Compliance with data quality objectives in the QA Plan was to
be demonstrated by October, 1991. QA Project Plans, Manuals
and Performance Assessment Results were to be submitted by the
time of Compliance demonstration.
Progress
Quality Assurance Progress Plans have been developed
independently in each Country in 1992. The parties have
collaborated on a draft QA Program Plan which is currently
under review by both Parties and may be adopted in 1994.
PHASE II (January, 1992 through December 1993)
Milestone
Establish two Satellite Stations on Lake Superior during 1992.
Progress
These stations were established during 1990 and 1991.
Milestone
Con
duc
t a
Cri
tic
al
Net
wor
k D
esi
gn
Rev
iew
in
Jun
e,
199
2
15
 Progress
T
h
i
s
h
a
s
n
o
t
b
e
e
n
d
o
n
e
.
r
e
v
i
e
w
t
e
a
m
o
r
c
o
m
m
i
t
t
e
e
h
a
s
b
e
e
n
a
p
p
o
i
n
t
e
d
.
T
h
e
S
a
t
e
l
l
i
t
e
S
i
t
e
s
o
n
L
a
k
e
S
u
p
e
r
i
o
r
h
a
v
e
n
o
t
b
e
e
n
a
c
c
e
p
t
e
d
a
s
p
a
r
t
o
f
t
h
e
I
A
D
N
a
n
d
t
h
e
y
d
o
n
o
t
i
n
c
l
u
d
e
m
e
t
e
o
r
o
l
o
g
i
c
a
l
No
e
vi
d
e
n
c
e
wa
s
r
e
c
e
i
ve
d
th
at
a
instruments.
A
n
i
n
t
e
r
c
o
m
p
a
r
i
s
o
n
of
m
e
a
s
u
r
e
d
a
i
r
a
n
d
p
r
e
c
i
p
i
t
a
t
i
o
n
c
o
n
c
e
n
t
r
a
t
i
o
n
s
o
f
t
o
x
i
c
s
h
a
s
n
o
t
b
e
e
n
c
o
n
d
u
c
t
e
d
.
T
h
i
s
is
e
s
s
e
n
t
i
a
l
t
o
a
s
s
u
r
e
c
o
m
p
a
r
a
b
i
l
i
t
y
of
d
a
t
a
f
r
o
m
L
a
k
e
S
u
p
e
r
i
o
r
S
i
t
e
s
f
r
o
m
d
i
f
f
e
r
e
n
t
i
n
s
t
r
u
m
e
n
t
a
t
i
o
n
i
s
r
o
u
t
i
n
e
l
y
u
s
e
d
b
y
d
i
f
f
e
r
e
n
t
l
a
b
o
r
a
t
o
r
i
e
s
.
N
e
i
t
h
e
r
a
Q
u
a
l
i
t
y
A
s
s
u
r
a
n
c
e
P
l
a
n
o
r
P
r
o
g
r
a
m
is
in
p
l
a
c
e
f
o
r
t
h
e
o
p
e
r
a
t
o
r
s
of
t
h
e
I
A
D
N
m
o
n
i
t
o
r
i
n
g
s
t
a
t
i
o
n
s
o
n
L
a
k
e
S
u
p
e
r
i
o
r
t
h
o
u
g
h
e
a
c
h
a
g
e
n
c
y
h
a
s
t
h
e
i
r
o
w
n
p
r
o
g
r
a
m
.
T
h
e
a
d
e
q
u
a
c
y
of
t
h
e
ex
is
ti
ng
"
m
o
n
i
t
o
r
i
n
g
s
t
a
t
i
o
n
s
e
v
e
n
if
i
n
s
t
r
u
m
e
n
t
a
t
i
o
n
w
a
s
c
o
m
p
l
e
t
e
,
t
o
p
r
o
v
i
d
e
d
a
t
a
t
o
e
s
t
i
m
a
t
e
t
h
e
d
e
p
o
s
i
t
i
o
n
of
a
i
r
b
o
r
n
e
t
o
x
i
c
s
t
o
t
h
e
s
u
r
f
a
c
e
o
f
L
a
k
e
S
u
p
e
r
i
o
r
as
a
wh
o
l
e
ha
s
no
t
be
en
de
mo
ns
tr
at
ed
.
PHASE III
Milestone
B
y
J
u
n
e
,
1
9
9
4
"
a
n
a
l
y
s
i
s
o
f
d
a
t
a
"
f
r
o
m
a
l
l
S
i
t
e
s
f
o
r
P
h
a
s
e
s
I
an
d
II
is
to
be
co
mp
le
te
d.
Comment
I
t
m
a
y
b
e
p
o
s
s
i
b
l
e
f
o
r
c
o
n
c
e
n
t
r
a
t
i
o
n
d
a
t
a
f
r
o
m
P
h
a
s
e
s
I
a
n
d
I
I
t
o
b
e
r
e
p
o
r
t
e
d
b
y
J
u
n
e
,
1
9
9
4
f
o
r
L
a
k
e
S
u
p
e
r
i
o
r
.
T
h
e
d
a
t
a
f
r
o
m
t
h
e
c
o
m
b
i
n
e
d
M
a
s
t
e
r
a
n
d
S
a
t
e
l
l
i
t
e
s
t
a
t
i
o
n
s
c
a
n
n
o
t
b
e
a
n
a
l
y
z
e
d
u
n
t
i
l
i
t
i
s
r
e
p
o
r
t
e
d
.
I
t
i
s
d
o
u
b
t
f
u
l
t
h
a
t
d
e
p
o
s
i
t
i
o
n
e
s
t
i
m
a
t
e
s
u
s
i
n
g
t
h
e
d
a
t
a
c
a
n
b
e
p
r
e
p
a
r
e
d
a
n
d
a
n
a
l
y
z
e
d
f
o
r
L
a
k
e
S
u
p
e
r
i
o
r
b
y
t
h
e
d
a
t
e
s
p
e
c
i
f
i
e
d
.
E
s
t
i
m
a
t
e
s
o
f
T
o
x
i
c
C
h
e
m
i
c
a
l
D
e
p
o
s
i
t
i
o
n
t
o
L
a
k
e
S
u
p
e
r
i
o
r
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In
the
fol
low
ing
sec
tio
ns
dep
osi
tio
n e
sti
mat
es
to
Lak
e S
upe
rio
r
bas
ed
on
obs
erv
ed
con
cen
tra
tio
n i
n a
ir
and
wat
er
mas
s b
ala
nce
and
lon
g r
ang
e t
ran
spo
rt
mod
els
are
pre
sen
ted
.
Mas
s b
ala
nce
mod
els
des
cri
be
the
dis
tri
but
ion
,
inc
lud
ing
upt
ake
,
los
s
and
rep
art
iti
oni
ng
of
che
mic
als
in
the
Lak
e e
co-
sys
tem
.
Lon
g r
ang
e
tra
nsp
ort
mod
els
rel
ate
dep
osi
tio
n o
f a
irb
orn
e c
hem
ica
ls
in
the
Lak
e
to
the
ir
sou
rce
s
bas
ed
on
cur
ren
tly
ava
ila
ble
sou
rce
inventories.
Tox
ics
Dep
osi
tio
n
Est
ima
tes
to
Lak
e
Sup
eri
or
Bas
ed
on
Obs
erv
ed
Concentrations
Str
ach
an
and
Eis
enr
eic
h
(19
88)
pre
par
ed
mas
s
bal
anc
e
for
Lak
e
Sup
eri
or
for
PCB
s,
DDT
,
Pb
and
BaP
for
198
6.
The
y
did
not
con
sid
er
tha
t s
uff
ici
ent
inf
orm
ati
on
was
ava
ila
ble
to
con
str
uct
mass balances for other chemicals.
Wet
dep
osi
tio
n w
as
est
ima
ted
bas
ed
on
pre
cip
ita
tio
n a
mou
nts
and
con
cen
tra
tio
ns
of
the
che
mic
als
of
con
cer
n i
n t
he
pre
cip
ita
tio
n.
Dry
dep
osi
tio
n
of
the
che
mic
als
was
est
ima
ted
usi
ng
obs
erv
ed
con
cen
tra
tio
ns
of
par
tic
les
in
the
atm
osp
her
e,
con
cen
tra
tio
n o
f
eac
h
che
mic
al
in
the
par
tic
les
and
an
est
ima
ted
dep
osi
tio
n
vel
oci
ty
for
the
par
tic
les
.
Net
vap
our
exc
han
ge
(vo
lat
ili
zat
ion
)
acr
oss
the
lak
e/a
tmo
sph
ere
int
erf
ace
was
est
ima
ted
.
usi
ng
an
ove
ral
l
exc
ha
ng
e
co
ef
fi
ci
en
t
and
co
nc
en
tr
at
io
ns
in
the
Lak
e
and
the
atm
osp
her
e
abo
ve
the
Lak
e
for
eac
h
che
mic
al.
It
was
re
co
gn
ize
d
tha
t
the
dat
a t
o
cal
cul
ate
the
de
po
si
ti
on
wer
e
spa
rse
and
tha
t
si
gn
if
ic
an
t
unc
er
ta
in
ty
exi
ste
d
for
the
ma
gn
it
ude
and
dis
tri
but
ion
of
the
"co
nse
nsu
s c
onc
ent
rat
ion
s".
The
ma
ss
ba
la
nc
es
of
Str
ach
an
and
Ei
se
nr
ei
ch
sug
ge
st
ed
tha
t L
ake
Sup
er
io
r
in
198
6,
was
ga
in
in
g
548
kg
/yr
of
PCB
s
by
wet
and
dry
(pa
rti
cle
)
de
po
si
ti
on
fro
m
the
at
mo
sp
he
re
out
of
a
tot
al
flu
x
int
o
the
Lak
e
of
606
kg/
yr.
The
Lak
e
was
los
ing
190
0
kg/
yr
of
PCB
s
to
the
at
mo
sp
he
re
by
vap
our
exc
ha
ng
e o
ut
of
a t
ota
l
out
war
d
fl
ux
of
21
90
kg
/y
r.
(It
is
no
te
d
th
at
ad
so
rp
ti
on
an
d
de
so
rp
ti
on
17
 
 of
ch
em
ic
al
s
we
re
no
t
id
en
ti
fi
ed
se
pa
ra
te
ly
in
th
e
ma
ss
ba
la
nc
e
cal
cul
ati
ons
).
Thu
s
the
at
mo
sp
he
re
was
the
sou
rce
for
90%
and
the
sin
k
for
87%
of
the
PCB
to
and
fro
m
Lak
e
Sup
eri
or.
Co
rr
es
po
nd
in
g
fi
gu
re
s
fo
r
th
e
ot
he
r
ch
em
ic
al
s
ar
e:
Input
Total Atmospheric
Ch
em
ic
al
kg
ly
r
k
r
%
‘ P
CB
60
6.
54
8
90
t-
DD
T
92
.4
89
.6
97
Ba
P
71
.7
69
.
96
Pb
24
1,
00
0.
24
3,
30
0.
97
Output
Total Volatilization
Che
mic
al
kg
lyr
kgl
yr
_§
PCB
219
0
190
0
87
t-
DD
T
761
681
89
Ba
P
31
4
60
.1
19
Pb
828
,00
0
0
0
Th
es
e
dat
a
ind
ica
ted
tha
t
Lak
e
Sup
eri
or
was
ac
tua
ll
y
los
ing
PCB
s
an
d
t-
DD
T
to
th
e
at
mo
sp
he
re
an
d
th
at
th
e
at
mo
sp
he
re
is
th
e
do
mi
na
nt
si
nk
fo
r
th
es
e
ch
em
ic
al
s
in
th
e
ma
ss
ba
la
nc
e.
Le
ad
,
on
th
e
ot
he
r
ha
nd
de
po
si
ts
mo
st
ly
to
th
e
se
di
me
nt
an
d
a
ne
t
lo
ss
of
Pb
fr
om
La
ke
Su
pe
ri
or
wa
te
r
is
oc
cu
rr
in
g
to
th
is
ec
o-
sy
st
em
compartment.
"C
on
se
ns
us
co
nc
en
tr
at
io
ns
"
in
ai
r
an
d
ra
in
,
an
d
es
ti
ma
te
d
we
t
an
d
dr
y
(p
ar
ti
cl
e)
de
po
si
ti
on
to
La
ke
Su
pe
ri
or
fr
om
th
e
19
86
Workshops are given in Table 5.
Su
bs
eq
ue
nt
an
al
ys
is
us
in
g
mo
re
an
d
be
tt
er
da
ta
on
at
mo
sp
he
ri
c
an
d
wa
te
r
co
nc
en
tr
at
io
ns
fo
r
La
ke
Su
pe
ri
or
by
Ei
se
nr
ei
ch
an
d
St
ra
ch
an
(1
99
2)
su
gg
es
t
th
at
at
mo
sp
he
ri
c
de
po
si
ti
on
(w
et
an
d
dr
y
pa
rt
ic
le
s)
of
"n
ea
rl
y
al
l
to
xi
c
or
ga
ni
c
ch
em
ic
al
s
an
d
tr
ac
e
el
em
en
ts
ar
e
2
to
3
ti
me
s
lo
we
r
th
an
th
os
e
re
po
rt
ed
by
St
ra
ch
an
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ﬁ
m
w
w
m
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m
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1
{
M
m
m
m
I
 
an
d
Ei
se
nr
ei
ch
,
(1
98
8)
".
Th
e
im
pr
ov
ed
de
po
si
ti
on
es
ti
ma
te
s
we
re
at
tr
ib
ut
ed
to
va
st
ly
im
pr
ov
ed
da
ta
,
im
pr
ov
ed
ca
lc
ul
at
io
n
te
ch
ni
qu
es
an
d
a
ge
ne
ra
l
de
cr
ea
se
of
at
mo
sp
he
ri
c
co
nc
en
tr
at
io
ns
.
An
ex
ce
pt
io
n
to
th
e
ge
ne
ra
l
de
cr
ea
se
in
de
po
si
ti
on
oc
cu
rs
fo
r
Ba
P
wh
ic
h
ac
tu
al
ly
in
cr
ea
se
d
by
a
fa
ct
or
of
al
mo
st
2.
No
at
te
mp
t
wa
s
ma
de
to
es
ti
ma
te
ad
so
rp
ti
on
,
de
so
rp
ti
on
or
vo
la
ti
li
za
ti
on
;
ie
.,
va
po
ur
ex
ch
an
ge
at
th
e
La
ke
in
te
rf
ac
e;
or
to
co
ns
tr
uc
t
ma
ss
balances in this analysis.
Co
ns
en
su
s
co
nc
en
tr
at
io
ns
in
ai
r
an
d
ra
in
,
an
d
es
ti
ma
te
d
we
t
an
d
dr
y
(p
ar
ti
cl
e)
de
po
si
ti
on
to
La
ke
Su
pe
ri
or
re
po
rt
ed
by
Ei
se
nr
ei
ch
an
d
St
ra
ch
an
(1
99
2)
ar
e
al
so
gi
ve
n
in
Ta
bl
e
5
fo
r
co
mp
ar
is
on
.
Fi
gu
re
1,
fr
om
Ba
ke
r
et
al
.
(1
99
3)
,
is
ba
se
d
on
th
e
em
is
si
on
es
ti
ma
te
s
of
Ei
se
nr
ei
ch
an
d
St
ra
ch
an
(1
99
2)
.
Fi
gu
re
1
in
di
ca
te
s
th
at
th
e
at
mo
sp
he
re
is
su
ch
a
do
mi
na
nt
so
ur
ce
of
PC
Bs
to
La
ke
Su
pe
ri
or
th
at
ev
en
wh
en
at
mo
sp
he
ri
c
de
po
si
ti
on
is
de
cr
ea
se
d
fr
om
th
e
es
ti
ma
te
of
St
ra
ch
an
an
d
Ei
se
nr
ei
ch
(1
98
8)
by
a
fa
ct
or
of
3.
5
it
st
il
l
ac
co
un
ts
fo
r
76
to
89
%
of
th
e
to
ta
l
in
pu
t
in
a
re
vi
se
d
ma
ss
ba
la
nc
e.
Ba
ke
r
es
ti
ma
te
d
ne
t
vo
la
ti
li
za
ti
on
of
PC
Bs
to
th
e
at
mo
sp
he
re
by
di
ff
er
en
ce
in
th
e
ma
ss
ba
la
nc
e.
Si
mu
lt
an
eo
us
wi
th
pr
og
re
ss
to
es
ti
ma
te
de
po
si
ti
on
of
ch
em
ic
al
s
to
la
ke
wa
te
rs
us
in
g
ob
se
rv
ed
da
ta
th
e
Gr
ea
t
La
ke
s
Wa
te
r
Qu
al
it
y
Bo
ar
d,
in
it
s
ef
fo
rt
to
ef
fe
ct
iv
el
y
li
mi
t
ex
po
su
re
to
id
en
ti
fi
ed
to
xi
c
ch
em
ic
al
s
le
ad
in
g
to
vi
rt
ua
l
el
im
in
at
io
n
of
al
l
si
gn
if
ic
an
t
so
ur
ce
s
of
co
nt
am
in
at
io
n,
su
pp
or
te
d
th
e
de
ve
lo
pm
en
t
of
pr
ed
ic
ti
ve
,
sc
ie
nt
if
ic
al
ly
va
li
d
ma
ss
ba
la
nc
e
mo
de
ls
fo
r
to
xi
c
su
bs
ta
nc
es
.
A
wo
rk
sh
op
in
19
87
re
vi
ew
ed
pr
el
im
in
ar
y
pr
og
re
ss
of
th
re
e
fi
na
nc
ia
ll
y
su
pp
or
te
d
gr
ou
ps
wi
th
pr
im
ar
y
fo
cu
s
on
mo
de
l
de
ve
lo
pm
en
t
to
pr
ed
ic
t
th
e
cy
cl
in
g
of
PC
Bs
in
La
ke
On
ta
ri
o,
in
cl
ud
in
g
th
e
bi
og
en
ic
co
mp
ar
tm
en
t
(I
JC
,
19
88
b)
.
In
Ma
y
19
91
a
fo
ll
ow
up
wo
rk
sh
op
,
su
pp
or
te
d
by
MO
EE
,
wa
s
he
ld
to
re
vi
ew
co
nt
in
ui
ng
pr
og
re
ss
on
de
ve
lo
pm
en
t
of
a
mo
de
l
fo
r
La
ke
On
ta
ri
o
an
d
to
su
gg
es
t
mo
de
l
im
pr
ov
em
en
ts
wh
ic
h
mi
gh
t
le
ad
to
th
e
19
  
lo
ng
te
rm
go
al
of
fo
rm
ul
at
io
n
of
a
"s
ta
nd
ar
d"
ma
ss
ba
la
nc
e
mo
de
l
fo
r
us
e
by
al
l
pa
rt
ie
s
in
st
ud
yi
ng
th
e
fa
te
of
ch
em
ic
al
s
in
th
e
Gr
ea
t
La
ke
s
Ba
si
n
(M
ac
ka
y
et
al
.,
19
92
a)
.
Th
e
mo
de
l
un
de
r
de
ve
lo
pm
en
t
al
lo
we
d
co
nc
en
tr
at
io
n
es
ti
ma
te
s
in
ai
r,
wa
te
r,
se
di
me
nt
an
d
or
ga
ni
sm
s
on
a
‘y
ea
r
by
ye
ar
ba
si
s
re
sp
on
di
ng
to
ch
an
ge
as
a
re
su
lt
of
me
as
ur
es
to
re
du
ce
lo
ad
in
gs
.
In
th
is
se
ns
e
th
e
mo
de
l
un
de
r
de
ve
lo
pm
en
t
wa
s
a
pr
ed
ic
ti
ve
mo
de
l
an
d
wa
s
a
dy
na
mi
c
ra
th
er
th
an
a
st
at
ic
mo
de
l.
Du
ri
ng
th
es
e
mo
de
l
de
ve
lo
pm
en
t
pe
ri
od
s
th
er
e
wa
s
an
op
po
rt
un
it
y
to
in
te
gr
at
e
al
go
ri
th
ms
re
pr
es
en
ti
ng
in
te
ra
ct
io
ns
be
tw
ee
n
th
e
ph
ys
ic
al
an
d
th
e
bi
ol
og
ic
al
co
mp
ar
tm
en
ts
an
d
to
re
fi
ne
tr
an
sf
er
co
ef
fi
ci
en
ts
fo
r
a
ch
em
ic
al
fr
om
on
e
co
mp
ar
tm
en
t
to
an
ot
he
r.
It
wa
s
co
nc
lu
de
d
th
at
th
e
ma
ss
ba
la
nc
e
mo
de
l
pr
ov
id
ed
a
fr
am
ew
or
k
fo
r
qu
an
ti
ta
ti
ve
,
as
se
ss
me
nt
of
so
ur
ce
s
an
d
th
e
id
en
ti
fi
ca
ti
on
of
un
kn
ow
n
so
ur
ce
s
(t
he
te
rm
so
ur
ce
s
as
us
ed
in
th
is
pa
ra
gr
ap
h
includes pathways).
Wi
th
su
pp
or
t
fr
om
th
e
Vi
rt
ua
l
El
im
in
at
io
n
Ta
sk
Fo
rc
e
of
th
e
IJC
,
an
d
En
vi
ro
nm
en
t
Ca
na
da
,
a
"r
at
e
co
ns
ta
nt
"
mo
de
l
to
es
ti
ma
te
lo
ad
in
gs
an
d
ma
ss
ba
la
nc
es
an
d
to
ma
ke
fu
tu
re
pr
oj
ec
ti
on
s
fo
r
PC
Bs
,
me
rc
ur
y
an
d
le
ad
in
La
ke
Su
pe
ri
or
wa
s
de
ve
lo
pe
d.
Ou
tp
ut
fr
om
th
e
mo
de
l
wa
s
re
vi
ew
ed
at
a
Pe
er
Re
vi
ew
Wo
rk
sh
op
in
De
ce
mb
er
,
19
92
(M
ac
ka
y
et
al
.,
19
92
b)
.
Th
e
ma
jo
r
cr
it
ic
is
m
of
th
e
mo
de
l
fo
r
La
ke
Su
pe
ri
or
wa
s
th
at
it
si
gn
if
ic
an
tl
y
un
de
re
st
im
at
ed
th
e
ra
pi
d
ve
rt
ic
al
cy
cl
in
g
of
PC
Bs
in
th
e
wa
te
r
co
lu
mn
re
po
rt
ed
by
ot
he
rs
(S
tr
ac
ha
n
an
d
Ei
se
nr
ei
ch
,
1988; Baker et al., 1993).
pr
ep
ar
ed
fo
r
19
90
us
in
g
pa
ra
me
te
rs
ad
ju
st
ed
to
ge
ne
ra
te
va
lu
es
si
mi
la
r
to
th
os
e
be
li
ev
ed
to
ap
pl
y.
pr
ed
ic
ti
on
s
fo
r
th
e
PC
B
ma
ss
ba
la
nc
e
in
La
ke
Su
pe
ri
or
.
Fi
gu
re
4
sh
ow
s
th
e
pr
ed
ic
te
d
ti
me
re
sp
on
se
of
PC
B
co
nc
en
tr
at
io
ns
in
La
ke
A
ma
ss
ba
la
nc
e
pr
ed
ic
ti
on
wa
s
Figure 3 shows model
Su
pe
ri
or
as
su
mi
ng
in
pu
ts
fr
om
la
nd
so
ur
ce
s
de
cr
ea
se
0,
5,
10
,
20
an
d
10
0%
pe
r
ye
ar
wh
il
e
at
mo
sp
he
ri
c
in
pu
ts
de
cr
ea
se
0,
5,
8,
15
an
d
10
0%
re
sp
ec
ti
ve
ly
.
Th
e
mo
de
l
ou
tp
ut
in
di
ca
te
sth
at
ev
en
wh
en
20
.
.
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at
mo
sp
he
ri
c
and
lan
d
inp
uts
of
PCB
to
Lak
e
Sup
eri
or
are
tot
all
y
eli
min
ate
d,
wat
er
co
nc
en
tr
at
io
ns
are
sti
ll
20%
of
the
ir
ori
gin
al
vol
ume
aft
er
6
1/2
yea
rs
and
re
ma
in
abo
ve
5%
of
the
ori
gin
al
co
nc
en
tr
at
io
ns
aft
er
15
yea
rs.
The
lar
ges
t
ter
ms
in
the
mas
s
ba
la
nc
e
pr
oc
es
se
s
co
nt
ro
ll
in
g
the
co
nc
en
tr
at
io
ns
of
PCB
s
in
all
co
mp
ar
tm
en
ts
of
the
Lak
e a
re
at
mo
sp
he
ri
c/
wat
er
and
sed
ime
nt/
wat
er
exc
han
ges
.
Ma
ck
ay
not
ed
tha
t
it
was
di
ff
ic
ult
to
ass
ign
co
nf
id
en
ce
lim
its
to
the
mod
el
pr
ed
ic
ti
on
s
for
Lak
e
Sup
eri
or.
An
imp
ort
ant
fea
tur
e
of
Ma
ck
ay'
s
mo
de
l
for
Lak
e
Sup
eri
or
is
tha
t
a
fo
od
-c
ha
in
al
go
ri
th
m
was
inc
lud
ed
whi
ch
pe
rm
it
te
d
the
ca
lc
ula
ti
on
of
che
mic
al
co
nc
en
tr
at
io
ns
in
six
foo
d
cha
in
or
ga
ni
sm
s
fro
m
zoo
pla
nkt
on
to
lak
e
tro
ut.
The
re
was
goo
d
agr
eem
ent
bet
wee
n c
alc
ula
ted
and
obs
erv
ed
PCB
con
cen
tra
tio
ns
in
lake trout in Lake Superior.
Pr
ed
ic
ti
on
s
of
me
rc
ur
y
and
lea
d
di
st
ri
but
io
ns
in
Lak
e
Sup
eri
or
usi
ng
Ma
ck
ay'
s
mod
el
wer
e
les
s
com
ple
te
tha
n f
or
PCB
s.
No
bio
tic
co
mp
ar
tm
en
t
was
inc
lud
ed
and
mod
el
val
id
at
io
n
for
the
se
ch
em
ic
al
swa
s
not
po
ss
ib
le
bec
aus
e
of
a
lac
k
of
obs
erv
ed
dat
a.
For
th
es
e
rea
son
s
di
sc
uss
io
n
has
bee
n
lim
ite
d
to
PCB
s
in
thi
s
report.
A s
ig
ni
fi
ca
nt
co
nc
lus
io
n
of
the
Pee
r R
evi
ew
Wo
rk
sh
op
(IJ
C,
199
2b)
was
tha
t
the
mo
de
ls
pr
ovi
de
d
a
sta
tem
ent
of
mas
s
bal
anc
e
suf
fi
ci
en
tl
y
ac
cur
ate
to
gui
de
som
e
bro
ad
po
li
cy
dec
isi
ons
to
red
uce
loa
din
gs
in
Lak
e S
upe
rio
r.
It
was
de
ci
de
d t
hat
som
e
mod
el
re
vi
si
on
s
to
im
pr
ov
e
th
e
ag
re
em
en
t
be
tw
ee
n
pr
ed
ic
ti
on
s
an
d
ob
se
rv
at
io
ns
wo
ul
d
be
"p
ur
su
ed
se
pa
ra
te
ly
".
Ma
ck
ay
's
mo
de
l
re
pr
es
en
ts
a
si
gn
if
ic
an
t
st
ep
to
wa
rd
de
ve
lo
pm
en
t
of
a
st
an
da
rd
dy
na
mi
c,
pr
ed
ic
ti
ve
mo
de
l
to
de
sc
ri
be
th
e
di
st
ri
bu
ti
on
an
d
be
ha
vi
ou
r
of
ch
em
ic
al
s
in
la
ke
wa
te
rs
.
Th
e
mo
de
l
ne
ed
s
re
fi
ne
me
nt
bu
t
it
ha
s
tr
em
en
do
us
po
te
nt
ia
l
as
a
to
ol
to
pr
ed
ic
t
ch
an
ge
in
re
sp
on
se
to
co
nt
ro
l
ac
ti
on
s.
Co
nt
in
ue
d
de
ve
lo
pm
en
t
should be strongly encouraged.
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 A
co
mp
ar
is
on
of
an
nu
al
av
er
ag
es
of
ma
ss
ba
la
nc
e
va
ri
ab
le
s
an
d
de
po
si
ti
on
es
ti
ma
te
s
of
PC
Bs
fo
r
La
ke
Su
pe
ri
or
fr
om
se
ve
ra
l
in
ve
st
ig
at
or
s
is
pr
es
en
te
d
in
Ta
bl
e
6.
LR
T
Mo
de
l
Pr
ed
ic
ti
on
s
of
To
xi
cs
De
po
si
ti
on
to
La
ke
Su
pe
ri
or
Bl
ox
am
et
a1.
(1
99
1)
us
ed
a
12
la
ye
r
Eu
le
ri
an
mo
de
l
wi
th
si
x
ho
ur
ly
me
te
ro
lo
gi
ca
l
an
al
ys
es
to
pr
ed
ic
t
tr
an
sp
or
t
an
d
de
po
si
ti
on
of
me
rc
ur
y
ov
er
ea
st
er
n
No
rt
h
Am
er
ic
a
in
cl
ud
in
g
La
ke
Su
pe
ri
or
.
Th
re
e
me
rc
ur
y
sp
ec
ie
s
we
re
as
su
me
d
to
be
em
it
te
d
as
fo
ll
ow
s:
el
em
en
ta
l
Hg
(Hg
°)
as
va
po
ur
—
81
%;
bi
va
le
nt
Hg
(Hg
II
as
Hg
C12
)
-
17
%
an
d
pa
rt
ic
ul
at
e
Hg
(n
g)
-
2%.
So
ur
ce
em
is
si
on
s
an
d
lo
ca
ti
on
s
wer
e
bas
ed
on
est
ima
tes
of
Vo
ld
ne
r
et
al.
(19
88)
for
the
pe
ri
od
198
0
- 1
985
and
tal
l
sta
ck
em
is
si
on
s
wer
e
al
lo
ca
te
d t
o
the second layer in the model.
At
mo
sp
he
ri
c
ch
em
ic
al
re
ac
ti
on
s
du
ri
ng
tr
an
sp
or
t
we
re
co
ns
id
er
ed
de
pe
nd
in
g
upo
n
the
spe
cie
s.
The
me
te
or
ol
og
ic
al
dat
a
pe
rm
it
te
d
int
rod
uct
ion
.
of
in—
clo
ud
sc
ave
ng
in
g
of
Hg
and
aq
ueo
us
pha
se
ch
em
is
tr
y.
Na
tu
ra
l
em
is
si
on
s
of
Hg
we
re
in
cl
ud
ed
in
th
e
mo
de
l
run
s
at
es
ti
ma
te
d
rat
es
bas
ed
on
Eur
ope
an
exp
er
ie
nc
e
in
the
absence of North American data.
model runs
Va
ri
ou
s
ave
ra
gi
ng
per
iod
s
wer
e
use
d
in
the
re
pr
es
en
ti
ng
a p
ot
en
ti
al
5 d
ay
epi
sod
e
and
a o
ne
mo
nt
h
per
iod
.
Mo
de
l
pr
ed
ic
ti
on
s
of
ai
r
an
d
pr
ec
ip
it
at
io
n
co
nc
en
tr
at
io
ns
of
me
rc
ur
y
sp
ec
ie
s
ar
e
co
mp
ar
ed
to
ob
se
rv
at
io
ns
av
ai
la
bl
e
to
th
e
au
th
or
s
at
th
e
ti
me
of
re
po
rt
pr
ep
ar
at
io
n
in
Ta
bl
e
7.
Se
ns
it
iv
it
y
te
st
s
fo
r
a
5
da
y
av
er
ag
in
g
pe
ri
od
ty
pi
ca
l
of
sp
ri
ng
weather indicated:
in
cr
ea
si
ng
an
th
ro
po
ge
ni
c
em
is
si
on
s
by
10
0%
0
in
cr
ea
se
d
Hg
°
an
d
ng
co
nc
en
tr
at
io
ns
in
ai
r
ne
ar
st
ro
ng
so
ur
ce
s
by
40
-
80
%
bu
t
on
ly
10
-
20
%
in
22
  
M
f
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ﬂ
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M
M
M
A
A
A
R
R
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
&
A
A
&
lI
«
(
0
0
5
.
0
1
4
.
0
0
0
0
«
1
m
m
m
a
.
«
A
w
m
m
u
m
  
rem
ote
are
as
(su
ch
as
the
Lak
e S
upe
rio
r r
egi
on)
.
0
inc
rea
sed
wet
de
po
si
ti
on
50
-
90%
ove
r
the
sou
rce
region
in
cr
ea
si
ng
na
tu
ra
l
Hg
em
is
si
on
s
by
10
0%
0
inc
rea
sed
Hg°
con
cen
tra
tio
ns
in
air
by
10 -
20%
wit
h
ve
ry
li
tt
le
ch
an
ge
in
we
t
de
po
si
ti
on
in
cr
ea
si
ng
ng
by
200
%
and
de
cr
ea
si
ng
HgC
lZ
by
33%
0 increased Hgp near sources 100 - 200% and decreased
HgC12 by 30%
0
dec
rea
sed
wet
dep
osi
tio
n
nea
r
sou
rce
s
by
0 -
20%
and
inc
rea
sed
dep
osi
tio
n f
urt
her
dow
nwi
nd
0 -
25%
in
cr
ea
si
ng
mod
el
bo
un
da
ry
co
nc
en
tr
at
io
ns
of
Hg°
50%
o increased.Hg° concentrations in remote regions (such
as
Lak
e
Sup
eri
or)
20
—
40%
but
onl
y
20%
in
sou
rce
regions
0 increased wet deposition less than 10%
inc
rea
sin
g m
ode
l b
oun
dar
y c
onc
ent
rat
ion
s o
f H
g?
by
100
%
0 increased wet deposition over the modelled area 10
- 60%
It
is
no
te
d
tha
t t
he
es
ti
ma
te
d a
nt
hr
op
og
en
ic
sou
rce
emi
ssi
ons
for
the
Uni
ted
Sta
tes
use
d i
n t
he
mod
el
wer
e 6
50,
000
kg/
yr
for
198
5.
The
es
ti
ma
te
d
tot
al
an
th
ro
po
ge
ni
c
emi
ssi
ons
of
Hg
in
the
Uni
ted
Sta
tes
in
199
0
wer
e
308
,00
0
kg/
yr
(Mi
dwe
st
Re
se
ar
ch
Ins
tit
ute
,
199
3).
Th
er
e m
ay
be
co
ns
id
er
ab
le
err
or
in
the
abs
olu
te
ma
gn
it
ude
of
th
e
em
is
si
on
es
ti
ma
te
s,
ho
we
ve
r
th
e
fi
rs
t
se
ns
it
iv
it
y
te
st
de
sc
ri
be
d
abo
ve
sug
ges
ts
tha
t,
if
the
re
duc
ti
on
of
an
th
ro
po
ge
ni
c
em
is
si
on
s
be
twe
en
198
5
and
199
0
is
rea
l,
vap
our
and
pa
rt
ic
le
Hg
co
nc
en
tr
at
io
ns
in
ai
r
ov
er
La
ke
Su
pe
ri
or
wo
ul
d
de
cr
ea
se
on
ly
10
to 20%.
Cl
ar
k
(1
99
3)
pr
ep
ar
ed
an
as
se
ss
me
nt
of
th
e
an
nu
al
le
ad
de
po
si
ti
on
sp
ec
if
ic
al
ly
to
La
ke
Su
pe
ri
or
fr
om
an
th
ro
po
ge
ni
c
so
ur
ce
s
us
in
g
a
re
la
ti
ve
ly
si
mp
le
,
si
ng
le
la
ye
r
La
gr
an
gi
an
mo
de
l
(R
EL
MA
P
—
Re
gi
on
al
La
gr
an
gi
an
Mo
de
l
of
Ai
r
Po
ll
ut
io
n)
.
Pr
ed
ic
ti
on
s
we
re
pr
ep
ar
ed
fo
r
19
89
us
in
g
em
is
si
on
fa
ct
or
s
an
d
th
e
19
85
gr
id
de
d
23
 e
m
i
s
s
i
o
n
s
t
o
m
a
k
e
p
r
e
l
i
m
i
n
a
r
y
e
s
t
i
m
a
t
e
s
of
e
m
i
s
s
i
o
n
s
.
T
h
e
l
e
a
d
w
a
s
a
s
s
u
m
e
d
t
o
b
e
in
t
h
e
p
a
r
t
i
c
u
l
a
t
e
s
t
a
t
e
c
o
n
s
i
s
t
e
n
t
w
i
t
h
t
h
e
f
i
n
d
i
n
g
s
of
o
t
h
e
r
i
n
v
e
s
t
i
g
a
t
o
r
s
(f
or
e
x
a
m
p
l
e
,
E
i
s
e
n
r
e
i
c
h
a
n
d
S
t
r
a
c
h
a
n
,
19
92
—
"
E
x
c
e
p
t
f
o
r
m
e
r
c
u
r
y
,
a
l
l
m
e
t
a
l
s
a
n
d
m
e
t
a
l
l
o
i
d
s
in
a
i
r
a
r
e
b
o
u
n
d
t
o
or
p
a
r
t
of
t
h
e
p
a
r
t
i
c
u
l
a
t
e
m
a
t
t
e
r
;
m
e
r
c
u
r
y
is
p
r
e
s
e
n
t
m
o
s
t
l
y
in
t
h
e
v
a
p
o
u
r
s
t
a
t
e
,
Hg
o)
.
Th
e
le
ad
p
a
r
t
i
c
l
e
s
we
re
al
l
in
on
e
of
tw
o
a
s
s
um
e
d
si
ze
s,
0.
5u
m
or
5.
0u
m
(t
he
fo
rm
er
is
th
e
mo
re
li
ke
ly
c
o
n
s
i
d
e
r
i
n
g
th
e
c
o
l
l
e
c
t
i
ve
sources of lead).
M
o
d
e
l
p
r
e
d
i
c
t
i
o
n
s
of
an
nu
al
de
po
si
ti
on
,
we
t
pl
us
dr
y,
of
le
ad
to
Lake Superior are:
982,000 kg
866,000 kg
a)
fo
r
0.
5u
m
pa
rt
ic
le
s
b)
fo
r
5.
0u
m
pa
rt
ic
le
s
A
n
n
ua
l
d
e
p
o
s
i
t
i
o
n
of
th
e
sm
al
le
r
p
a
r
t
i
c
l
e
s
is
g
r
e
a
t
e
r
as
wo
ul
d
be
e
xp
e
c
t
e
d
fo
r
m
a
j
o
r
so
ur
ce
s
lo
ca
te
d
aw
ay
fr
om
La
ke
Su
pe
ri
or
b
e
c
a
us
e
th
e
sm
al
le
r
p
a
r
t
i
c
l
e
s
re
ma
in
s
us
p
e
n
d
e
d
in
th
e
a
t
m
o
s
p
h
e
r
e
lo
ng
er
an
d
ar
e
t
r
a
n
s
p
o
r
t
e
d
gr
ea
te
r
di
st
an
ce
s.
Ho
we
ve
r,
th
e
d
i
f
f
e
r
e
n
c
e
b
e
t
we
e
n
th
e
tw
o
d
e
p
o
s
i
t
i
o
n
va
l
ue
s
is
p
r
o
b
a
b
l
y
sm
al
le
r
th
an
th
e
ex
pe
ct
ed
er
ro
r
in
th
e
mo
de
l
pr
ed
ic
ti
on
s.
F
i
g
ur
e
5
id
en
ti
fi
es
th
e
so
ur
ce
ce
ll
s
c
o
n
t
r
i
b
ut
i
n
g
m
o
r
e
th
an
1%
of
th
e
to
ta
l
p
r
e
d
i
c
t
e
d
d
e
p
o
s
i
t
i
o
n
of
Pb
to
La
ke
Su
pe
ri
or
.
Al
mo
st
33
%
of
th
e
d
e
p
o
s
i
t
i
o
n
is
a
t
t
r
i
b
ut
e
d
to
fo
ur
so
ur
ce
ce
ll
s
50
0
to
10
00
km
fr
om
La
ke
Su
pe
ri
or
b
e
t
we
e
n
C
h
i
c
a
g
o
an
d
s
o
ut
h
e
r
n
Mi
ss
ou
ri
.
It
is
n
o
t
e
d
h
o
w
e
v
e
r
,
t
h
a
t
t
h
e
r
e
is
a
s
i
g
n
i
f
i
c
a
n
t
e
m
i
s
s
i
o
n
a
r
e
a
in
we
s
t
—c
e
n
t
r
a
l
M
a
n
i
t
o
b
a
wh
i
c
h
wa
s
ou
ts
id
e
th
e
m
o
d
e
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attributable primarily to errors in preliminary estimates of
emissions. However, the distribution of sources is expected to
be nominally correct. The model does illustrate the importance
of source/receptor relationships and provides guidance for
priority activities to get the greatest reduction in lead
deposition as quickly as possible at least cost.
Uncertainties in Estimates of Deposition of Toxics to Lake
Superior
The uncertainty of deposition estimates for Lake Superior based
on existing observations and mass balance models is indicated by
the data provided in Table 8.
noted the reduction of estimated deposition for most chemicals by
Eisenreich and Strachan (1992)
a factor of 2 or 3 as calculated at Workshops seven years apart
was due to: 1. improved data, 2. better calculations and 3.
overall concentration reductions. Mackay et al. (1992 b) found
it necessary to "adjust the parameters to give a mass balance
which is close to that which is believed to apply" in his model
and declined to quantify the uncertainty in his estimates of
deposition. Data from the IADN will permit significant
improvement in deposition estimates for Lake Superior as well as
provide data to refine deposition models.
Long range transport models used to predict deposition of toxic
chemicals to Lake Superior may also contain considerable error.
Every investigator working with or using LRT deposition models
for toxics noted that better data on emissions and source
characteristics, including location, was the requirement of
highest priority to improve deposition predictions. One
researcher commented that further development of toxic deposition
models was itself dependent upon better emission inventories for
each toxic. Emissions inventories are required on a continental
scale as a minimum. Time distributions of emissions (for
example, seasonal as a start) are required. The error in
deposition estimates is at least as large as the error in
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progress in responding to more comprehensive programs dealing
with the Great Lakes, or the Great Waters Program in the United
States. There has been some voluntary emphasis on investigations
for Lake Superior but projects which focus specifically on Lake
Superior seem to have developed in response to specific requests
or contracts. Greater focus is desirable; it will probably only
occur in response to allocated funding.
Progress in developing an inventory of atmospheric emissions of
persistent toxic chemicals is very limited. Every investigator
contacted involved with the preparation of deposition estimates
using models commented that the limiting element was the lack of
accuracy and detail in source emission estimates. It is
impractical to develop detailed emission inventories for all of
the toxics simultaneously. A binational group could be
productive in setting priorities for chemicals and identifying
emission details of greatest significance to investigators and
analysts of the deposition and impacts of toxics.
To assess the atmospheric loading of persistent toxic chemicals
a well planned Integrated Atmospheric Deposition Network has been
initiated” Progress in implementing the Plan for AAssessing
Atmospheric Deposition to the Great Lakes, including Lake
Superior has been slow. In fairness, this is partly a result of
the physical limitations in accurately monitoring very low
concentrations of the chemicals of interest, in air and water, on
a routine basis at remote sites. Emphasis for progress toward
estimating deposition to Lake Superior should be on implementing
an acceptable QA/QC program, on reporting and disseminating data
from the monitoring stations, and on estimating deposition rates
from measured concentrations.
Mathematical predictive models are objective, quantitative tools
useful in guiding decisions regarding strategies leading to an
effective toxics impact reduction program for Lake Superior. The
model outputs describe the atmospheric concentrations,
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te
rs
Stu
dy"
;
U.S
.
En
vir
on
me
nt
al
Pr
ot
ec
ti
on
Age
ncy
,
Res
ear
ch
Tr
ia
ng
le
Par
k,
N.C
.,
Dra
ft
Rep
ort
by
ICE
for
US
EP
A A
ugu
st,
199
1.
op.
cit
.
(19
93a
):
"Lo
cat
ing
and
Es
ti
ma
ti
ng
Air
Emi
ssi
ons
fro
m
Sou
rce
s
of
Me
rc
ur
y
and
Me
rc
ur
y
Com
pou
nds
";
Dra
ft
Re
po
rt
to
US
EP
A
pr
ep
ar
ed
by
Midwest Research Institute, Jan. 1993.
op.
ci
t.
,
(1
99
3b
):
"L
oc
at
in
g
an
d
Es
ti
ma
ti
ng
Ai
r
Em
is
si
on
s
fr
om
So
ur
ce
s
of
Ca
dm
iu
m
an
d
Ca
dm
iu
m
Co
mp
ou
nd
s"
;
Dr
af
t
Re
po
rt
to
US
EP
A
pr
ep
ar
ed
by
Mi
dw
es
t
Re
se
ar
ch
Ins
tit
ute
,
Mar
ch,
199
3.
Th
e
Go
ve
rn
me
nt
of
Ca
na
da
an
d
th
e
Go
ve
rn
me
nt
of
th
e
Pr
ov
in
ce
of
On
ta
ri
o
(1
99
1)
:
"S
ec
on
d
Re
po
rt
of
Ca
na
da
un
de
r
th
e
19
87
Pr
ot
oc
ol
to
th
e
19
78
Gr
ea
t
La
ke
s
Wa
te
r
Qu
al
it
y
Ag
re
me
nt
-
Is
su
es
Ov
er
vi
ew
";
Mi
ni
st
er
of
Su
pp
ly
an
d
Se
rv
ic
es
Ca
na
da
Ca
t.
No
.
EN
40
-1
1/
23
-1
99
0-
1E
,
IS
BN
0-
66
2-
18890.
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5.
24
5%
:1
15
.:
m5
.m
:5
.5
.5
.3
.:
S.
a.
a.
a.
a.
Z.
a.
a.
a.
a.
a.
a.
a.
a.
a.
a.
a.
a.
a.
 
Wk
I
3
%
!
e
r
«
W
i
l
l
u
‘
l
AES
CAAA
CGLG
GLWQA
GWS
IADN
MOEE
NPRI
PAHS
PCDDS
PCDFS
RELMAP
TRI
USEPA
ACRONYMS
At
mo
sp
he
ri
c
En
vi
ro
nm
en
t
Se
rv
ic
e,
En
vi
ro
nm
en
t
Ca
na
da
Cl
ea
n
Ai
r
Ac
t
Am
en
dm
en
ts
,
19
90
Co
un
ci
l
of
Gr
ea
t
La
ke
Go
ve
rn
or
s
Gr
ea
t
La
ke
s
Wa
te
r
Qu
al
it
y
Ag
re
em
en
t
Great Waters Study
In
te
gr
at
ed
At
mo
sp
he
ri
c
De
po
si
ti
on
Ne
tw
or
k
On
ta
ri
o
Mi
ni
st
ry
of
En
vi
ro
nm
en
t
an
d
En
er
gy
Na
ti
on
al
Po
ll
ut
an
ts
Re
le
as
e
In
ve
nt
or
y
Polyaromatic Hydrocarbons
Po
ly
ch
lo
ri
na
te
d
Di
be
nz
o-
p-
di
ox
in
s
Polychlorinated Dibenzofurans
Re
gi
on
al
La
gr
an
gi
an
Mo
de
l
fo
r
Ai
r
Po
ll
ut
io
n
Toxic Release Inventory (USEPA)
Un
it
ed
St
at
es
En
vi
ro
nm
en
ta
l
Pr
ot
ec
ti
on
Ag
en
cy
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TABLE 1
CHEMICALS TARGETED FOR MONITORING IN GREAT LAKES AND GREAT WATERS
IADN Great Lakes Top 20 Focus
Toxics Targeted Commission Chemicals From
For Measurement Toxics List CAAA—GWS
(GLWGA, 1990) (Cabrera-Rivera, (USEPA,1991)
1993) Rank
PCBs (total & major
congeners) X X X 1
HCHs + isomers X X 3
(Lindane)
PAHs (including BaP) x X X 6
DDT + metabolites X
’ ‘ Chlordane X X X l
, Nonachlor X
qr? Heptechlorepoxide X X 2
x? Methoxychlor X X X 3
. Dieldrin X
(‘7 Endrin X
x? Hexachlorobenzene X X X 2
x? 2378 TCDD X x x 1
’ Toxaphene X 2
(? Atrazine X
if Benz(a)anthracene X
, ? Carbon Tetrachloride X
_ Chrysene X
’(7 1,2 Dichloroethane X
a) Diethylhexyl phthalate X
k Di-n-butyl phthalate X
*9 Di-n-octyl phthalate X
.(? Fluoranthene X
Hexachlorobutadiene X
ﬂ Hexachloroethane X
K? Napthaline X
__ Polycyclic organic matter X X 6
aTetrachloroethane X
ﬂTrichloroethene X
, 2 , 4 , S—Trichlorophenol X
62, 4, 6-Trichlorophenol X
ﬂ Trifluralin
Pentachloronitrobenzene X 5
’ Parathion X g
é Pentachlorophenol X
“Coke oven emissions 6
, ﬂ
__ ﬂ
’ ‘ * Coke oven emissions were identified as a carcinogen and included in the
v ‘ Great Waters Toxics list. They are not included separately here.
_ ﬂ
- t
__ 1
.- ‘ 37
t
W
H
Y
;
 Arsenic or
Arsenic Compounds
Selenium or
Selenium Compounds
Cadmium or
Cadmium Compounds
Mercury or
Mercury Compounds
Lead or
Lead Compounds
Chromium
Cobalt or
Cobalt CompOunds
Copper
Alkylated Pb (compounds)
TABLE 1 Can't
IADN
Toxics Targeted
For Measurement
(GLWGA,
N
X
>
<
>
<
x
1990)
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Great Lakes
Commission
Toxics List
(Cabrera—Rivera,
1993)
Top 20 Focus
Chemicals From
CAAA-GWS
(USEPA,1991)
Rank
x 6
X 2
X 1
X 1
X 3
X 4
  
r
I
J
J
I
I
I
I
I
I
K
I
K
I
I
I
I
I
J
J
I
R
J
J
I
I
!
!
!
£
3
K
I
S
R
S
R
J
J
J
R
J
S
R
S
J
S
S
S
S
S
S
S
S
J
 u
m
m
m
m
w
m
 
TABLE 2
A P
LAN
FOR
ASS
ESS
ING
ATM
OSP
HER
IC
DEP
OSI
TIO
N T
O
THE GREAT LAKES:
STRATEGY AND TIME LINES
Jan/90
I--
---
---
---
---
---
---
- I-
---
---
---
---
---
---
I--
---
---
---
---
---
---
---
---
--I
0
PHA
SE
1
2
PHA
SE
2
4
PHA
SE
3
6
Ong
oin
g
Yrs
Yrs
Yrs
Yrs
Mon
ito
rin
g
—Provide Scientific
Basis for Monitoring
Activities
- Initiate Monitoring
Network
- Implementation of
Full-scale Network
- Establish 10 additional
satellite stations
-Establish 2 Master
Stations
— Establish 2 Master
Stations and 10
Satellite stations
—
Co
nt
in
ue
Re
se
ar
ch
-
Co
nt
in
ue
Re
se
ar
ch
Source: IJC (1988b)
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 TABLE 3(a)
EQUIPMENT AT IADN MASTER SITES
REQUIRED
INSTALLED
(as of Jan.15, 1992)
1 wet precipitation sampler for
nutrients and inorganics
1 Aerochem wet only precipitation
collector
1 wet precipitation sampler for
major ions and metals
1 Aerochem wet only precipitation
collector
replicated precipitation
samplers for toxic organics
2 MIC wet only precipitation
samplers with XAD-2 resign
cartridge
replicated high volume samplers
for gaseous and particulate
organics
2 modified high volume air
samplers with polyurethane
foam trap
1 high volume sampler for
TSP and organic carbon
1 standard high volume sampler
1 sampler for trace metals
in air
Dichotomous high volume
samplers
1 Dichotomous sampler plus
fitters for metals analysis
1 Cascade impactor to determine
particle sizes
Meteorological instruments
to measure rain and snow
intensity and amount,
temperature, relative humidity
and wind velocity.
  
1 Belfort weighing bucket rain
gauge. Sensors for temperature,
relative humidity, solar
radiation, wind speed and
direction with automatic data
logger and controller.
 
So
ur
ce
:
(1)
IA
DN
Im
pl
em
en
ta
ti
on
Pl
an
(1
99
0)
(2) Shakya (1992)
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!
l
M
A
M
M
A
J
A
M
M
A
A
M
M
M
M
Im
a
m
m
m
m
u
m
u
m
w
m
m
a
;
m
u
TABLE 3(b)
EQUIPMENT AT IADN SATELLITE SITES
  
REQUIRED (1) INSTALLED (2)
(1990-1991)
One sampler for the measurement
of:
Trace metals in precipitation 1 MIC type A, wet only
collector
Trace metals in air 1 Metrex AS-2 low volume
sampler (metals filter
followed by filters for
nitric acid and sulphates
filters)
Toxic organics in precipitation 1 MIC type B, wet only,
collector with XAD-2 resin
cartridge
Toxic organics in air 1 modified high volume
sampler (glass fibre
filter followed by XAD—Z
cartridge)
Total suspended particulates (from modified high volume
sampler filter above)
Meteorological instruments to Meteorological instruments
measure rain and snow intensity are not installed at the
and amount, temperature, relative Lake Superior Satellite
humidity and wind velocity. Sites.
SOUI‘CG:
(1) IADN Implementation Plan (1990)
(2) (Reid et al. 1990)
41
  
TABLE 4
IADN TARGET CHEMICALS AND
CH
EM
IC
AL
SP
EC
IE
S
ME
AS
UR
ED
AT
IA
DN
SI
TE
S
ON LAKE SUPERIOR
AN
AL
YT
E
IA
DN
MA
ST
ER
SI
TE
(1)
SA
TE
LL
IT
E
SI
TE
S
(2)
TA
RG
ET
EA
GL
E
HA
RB
OU
R,
TU
RK
EY
LA
KE
S,
ON
T
&
CH
EM
IC
AL
S
MI
CH
IG
AN
FI
NL
AN
D,
MI
NN
ES
OT
A
(GLWQA,1990)
i
i
ﬁ
ﬁ
i
i
i
t
l
E
u
I
AI
R
PR
EC
IP
'N
AI
R
PR
EC
IP
'N
(a) (b)
TOTAL PCBs
There are more than 90
in
cl
ud
in
g
co
ng
en
er
s
X
X
X
X
PESTICIDES
aHCH
ﬁHCH
yHCH (lindane)
Dieldrin
Aldrin
Endrin
DDD
DDT
HCB
Transnonachlor
Mirex
Heptachlor
Chlordane (a and y)
Oxychlordane
Nonachlor X
Methoxychlor X
X
X
u
z
x
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
>
=
X
X
X
X
X
X
X
X
>
<
X
X
X
X
X
X
X
X
X
PARS
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Chrysene
Benzo-a-anthracene
Benzo—b—fluoranthene
Benzo—k-fluoranthene
Benzo-a-pyrene
Indeno (123cd) pyrene
Dibenzo (a,h) anthracene
Benzo—e-pyrene
Benzo (ghi) perylene
Choronene
Repene
{
A
A
A
X
A
A
A
A
A
A
A
J
A
A
A
A
A
A
A
A
X
X
X
X
X
X
X
X
X
X
X
V
i
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
3
3
X
X
X
X
X
X
X
X
X
X
X
X
X
X
‘
X
#
:
X
X
X
X
X
X
E
 
(a
)
Me
as
ur
em
en
ts
of
or
ga
ni
cs
in
pr
ec
ip
it
at
io
n
ar
e
ex
pe
ct
ed
to
st
ar
t
during 1993.
(b
)
Me
as
ur
em
en
ts
of
or
ga
ni
cs
in
pr
ec
ip
it
at
io
n
st
ar
te
d
Ja
nu
ar
y,
19
93
.
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TABLE 4 CON'T
ANALYTE IADN
TARGET
CHEMICALS
(GLWQA,199O)
MASTER SITE (1)
EAGLE HARBOUR,
MICHIGAN
SATELLITE SITES (2)
TURKEY LAKES, ONT &
FINLAND, MINNESOTA
AIR PRECIP'N
(8)
AIR PRECIP'N
(b)
METALS
O Q
.
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
x
x
(
/
1
’
4
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
>
<
N
N
DiOXins} Dorset only
Furans} X
Measurements of mercury in air and precipitation are expected to start during 1993 at the
Master Site. Measurements of mercury in precipitation started at the Satellite Sites in
January 1993.
43
  
 
TABLE 5
E
S
T
I
M
A
T
E
D
C
O
N
C
E
N
T
R
A
T
I
O
N
S
A
N
D
D
E
P
O
S
I
T
I
O
N
OF
S
E
L
E
C
T
E
D
TO
XI
CS
OV
ER
LA
KE
S
U
P
E
R
I
O
R
C
O
N
S
E
N
S
U
S
C
O
N
C
E
N
T
R
A
T
I
O
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
S&
E
(1
98
8)
(1
)
E&
S
(1
99
2)
(9
)
Ai
r
Ra
in
Ai
r
R
a
l
n
ng
/m
3
ng
/L
ng
/m
3
ng
/L
PC
Bs
0.
5
5.
0
0.
4(
s)
-o
.1
(w
)
1.
0
t-
DD
T
0.
1
0.
3
0.
05
(s
)
—.
—
Ba
P
0.
02
0.
5
0.
00
5
2.
0
Pb
20
.0
30
00
1.
0
10
00
S = Summer
W = Winter
ESTIMATED DEPOSITION
S&
E
(1
98
8)
E&
S
(1
99
2)
W
e
t
Dr
y
To
ta
l
We
t
Dr
y
To
ta
l
PC
Bs
31
2
23
6
54
8
12
5
32
.1
15
7
t-
DD
T
18
.7
70
.9
90
31
.2
2.
8
34
Ba
P
31
.2
37
.8
69
93
.6
21
.6
11
6
Pb
18
70
00
47
30
0
23
43
00
62
40
0
46
55
67
05
5
S
t
r
a
c
h
a
n
a
n
d
E
i
s
e
n
r
e
i
c
h
(1
98
8)
(1) S&E (1988)
E
i
s
e
n
r
e
i
c
h
a
n
d
S
t
r
a
c
h
a
n
(1
99
2)
(2) E&S (1992)
H
H
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1
1
1
1
1
1
J
1
1
1
1
1
1
1
1
J
J
J
J
J
J
J
J
J
A
A
A
A
J
A
A
A
A
A
A
  
-
—
1
5
1
1
3
1
1
1
;
w
i
t
s
u
s
u
m
u
m
m
m
m
m
 
TABLE 6
ANN
UAL
AVE
RAG
ES
OF
PCB
MAS
S B
ALA
NCE
VAR
IAB
LES
FOR
LAK
E S
UPE
RIO
R
WATER FROM SEVERAL AUTHORS (kg/yr)
INP
UTS
(kg/
yr)
8&E(
4)
E&S
(5)
Mac
kay
(6)
Bak
er
(1988) (1992) (1992b) (1993)
Direct:
Rivers 54
Discharges 4
Tot
al
58
69
20-
50
Atmosphere:
Wet 312 125 97 125
Dry
236
32
60
32
Absorption 137
Tot
al
548
157
294
157
Resuspension from
Sediment 133
Tota
l in
puts
606
(1)
496
177-
207
OUTPUTS
Direct:
Riv
ers
or
out
flo
w
43
7
40
Chem
ical
reac
tion
9
?(2)
Atmosphere:
Desorption 196
Net
Vol
ati
liz
ati
on(
los
s)
190
0
670-
750(
3)
Sedimentation: (Deposition)
Deposition 371
Inventory Change 87
Net
los
s t
o s
edi
men
t
246
10-
50
Tot
al
Out
put
s
2189
(1)
670
720
-84
0
Note that Mackay‘s dynamic model provides
estimates of air-water
exc
han
ge
by
ads
orp
tio
n
and
des
orp
tio
n
and
sed
ime
nt—
wat
er
exc
han
ge
by
resuspension and deposition.
Oth
er
mod
els
pro
vid
e
net
est
ima
tes
of
air
—
water and sediment—water exchanges only.
Not estimated
Not estimated but recognized by author
Bas
ed
on
mea
sur
eme
nts
of
wat
er
col
umn
los
s b
etw
een
197
8 a
nd
199
2
S&E (1988) = Strachan and Eisenreich (1988)
E&S
(19
92)
=
Ei
se
nr
ei
ch
and
Str
ach
an
(19
92)
A
sp
ec
im
en
mas
s
bal
anc
e
dia
gra
m
for
PCB
s
in
Lak
e
Sup
eri
or
sim
ila
r
to
tha
t r
epo
rte
d b
y M
ack
ay
(19
92b
)
is
giv
en
in
the
dra
ft
fin
al
rep
ort
of
the
Vir
tua
l E
lim
ina
tio
n T
ask
For
ce
(IJ
C,
199
3e)
wit
h
slightly different numerical values.
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TABLE 7
PR
ED
IC
TE
D
AI
R
AN
D
PR
EC
IP
IT
AT
IO
N
CO
NC
EN
TR
AT
IO
N
IN
EA
ST
ER
N
NO
RT
H
AM
ER
IC
A
BAS
E
CAS
E
MO
DE
L
RES
ULT
S
(31
day
ave
ra
ge
-
sum
mer
)
(BLOXAM et a1. 1991)
Air Concentration (ng/m3)
Modelled Observed
Hg°
1—4
1—4
HgP
0.0
1-0
.04
0.0
2-0
.06
HgC
12
0.0
1—O
.2
(ne
ar
sou
rce
s)
0.1
(ur
ban
are
as
very few
measurements)
Precipitation Concentration (ng/L)
Tot
al
Hg
5-5
0
10-
20
 
For
com
par
iso
n
pur
pos
es
Eis
enr
eic
h a
nd
Str
ach
an
(19
92)
pre
sen
ted
the
fol
low
ing
val
ues
for
the
mid
-ra
nge
con
cen
tra
tio
ns
for
Hg
in
air
and
pre
cip
ita
tio
n b
ase
d o
n "
onl
y a
few
rep
ort
ed
dat
a s
ets
".
Air
- 2
ng/
m3
Pre
cip
ita
tio
n
20
ng/
L
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 TABLE 8
AT
MO
SP
HE
RI
C
FL
UX
ES
(n
g/
m
2I
d)
OF
OR
GA
NO
CH
LO
RI
NE
S
BY
GA
S
EX
CH
AN
GE
AN
D
OT
HE
R
PR
OC
ES
SE
S
Gas Wet & Dry
Ex
ch
an
ge
De
po
si
ti
on
Re
fe
re
nc
e
 
La
ke
Su
pe
ri
or
19
-
14
1
V
Ba
ke
r
&
Ei
se
nr
ei
ch
(1
99
0)
(1)
63
V
18
St
ra
ch
an
&
Ei
se
nr
ei
ch
(19
88)
5.
2
Ei
se
nr
ei
ch
&
St
ra
ch
an
(1
99
2)
Lake Superior
&
Mi
ch
ig
an
23
V
St
ra
ch
an
&
Ei
se
nr
ei
ch
(19
88)
Eisenreich & Strachan (1992)
H
t
»
)
TOXAPHENE
La
ke
Su
pe
ri
or
15
D
—
37
V
Ho
ff
et
a1.
(1
99
3)
(2)
0.
62
Ei
se
nr
ei
ch
&
St
ra
ch
an
(1
99
2)
V
=
Vo
la
ti
li
za
ti
on
;
ie
a
ne
t
ev
ap
or
at
io
n
of
th
e
ch
em
ic
al
to
th
e
at
mo
sp
he
re
(1) Observations made 1986
(2)
Ba
se
d
on
da
ta
of
Ho
ff
et
a1
.
Eg
be
rt
an
d
sa
tu
ra
ti
on
da
ta
fr
om
La
ke
Bailkal.
So
ur
ce
:
Bi
dl
em
an
et
a1
.
19
93
(P
ap
er
in
pr
ep
ar
at
io
n)
m
m
m
m
w
m
m
m
u
m
i
.
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1
1
%
l
x
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l
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s
w
v
l
l
l
l
i
l
l
l
u
u
m
l
u
u
l
l
l
l
l
M
l
i
l
l
M
i
l
l
i
l
Atmospheric Deposition
Wet 125
Dry 32
Total 157 kg/yr
 
Atmosphere
_ 200 kg
 
Volatilization
1 ~ 600-4200 kg/yr
2 ~ 670-750 kg/yr
3 ~ 720 kg/ yr
   
I
Wgter Cglumn
.
~7200 k
w
e
9
Outﬂow
—_—>
~20-50 kg/yr .
EamgLe - ~40 kg/yr
Recycling
m
~2950 kg/yr
'
~3000 kg/yr
Burial
10-50 kg/yr
 
l
 
Sediment
~5000 kg
  
v FIGURE 1.
(Source:
 
"Water Column - 1980 ~ 12000 kg
- 1986 ~ 7200 kg
. - 1992 ~ 2200 kg
‘Linear Water Column Loss Rate
1980 to 1986: ~ 800 kg/yr
1986 to.1988: ~ 790 kg/yr
*1 st OrdervLoss Rate
1986: - 1 ~ 500 kg/yr
 
1 Bakefand Eisenreich (1990)
2 Mass-Balance
3 Swack‘namer et al. (1988)
MASS BALANCE‘OF PCBS IN LAKE SUPERIOR
Adapted from Baker et a1. (1993))
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Figure 3. PCBS IN LAKE SUPERIOR
(Source: Mackay et a1. (1992b))
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